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The sea cucumbers of the family Synallactidae (Echinodermata: Holothuroidea) are
mostly restricted to the deep sea. They comprise of approximately 131 species, about
one-third of all known deep-sea holothurian species. Many species are morphologically
similar, making their identification and classification difficult. The aim of this study is to
present the phylogeny of the family Synallactidae based on DNA sequences of the
mitochondrial large subunit rRNA (16S), cytochrome oxidase 1 (COI) genes and
morphological taxonomy characters. In order to examine type specimens, corroborate
distributional data and collect muscles tissues for the DNA analyses, 7 institutions that
hold holothurian specimens were visited. For each synallactid species, selected
synonymy, primary diagnosis, location of type material, type locality, distributional data
(geographical and bathymetrical) and extra biological information were extracted from
the primary references.

17 species were screened for mitochondrial DNA in this thesis; 2 Bathyplotes, 5
Mesothuria, 3 Pseudostichopus, 1 Pelopatides, 2 Paroriza, 1 Benthothuria, 1 Zygothuria
and the species Isostichopus fuscus (Ludwig), which was used as an outgroup for the
phylogenetic analysis. The elasipodid species Deima validum was screened in order to
evaluate the phylogenetic relation of the Elasipoda with the Synallactidae.

A new species of the genus Pseudostichopus is described based on molecular and
morphology evidence. A new species of the genus Mesothuria is proposed based on
geographical, morphological and molecular evidence, and a new species of the genus
Synallactes is described based on morphological data.

The results of this study constitute the first phylogenetic test of the classification
of Synallactidae. The family Synallactidae is a polyphyletic group. The family seems to
be formed by 2 groups that can have different ancestors, a) a Paroriza-Pseudostichopus-
Pelopatides-Mesothuria-Zygothuria group, b) a non-synallactid group with Benthothuria
Junebris and Paroriza prouhoi. There is morphological consistency in the Synallactidae,
but it is not enough to validate the monophyly of the family. When combining elasipodid
and synallactid mitochondrial DNA sequences in one analysis the “elasipodid clade”, is
separated into two branches. One branch is formed by Deima validum, Paroriza prouhoi
and Benthothuria funebris. These three species have no morphological relation, but their
mitochondrial DNA reveals their cryptic relationship. This study contributes to the
understanding of the deep-sea synallactid holothurian taxonomy. Significant progress has
been made in combining morphological and molecular approaches to taxonomy,
demonstrating the need for more studies of this nature in the future.
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Chapter One

Chapter One - General Introduction and aims

1.1. The phylum Holothuroidea (Echinodermata)

Holothurians are marine invertebrates that occur from the high intertidal zone to
the greatest ocean depths. Most holothurians are epibenthic. Uniquely, among
echinoderms, sea cucumbers can be holopelagic (Miller and Pawson, 1990) and even
ectocommensal (Martin, 1969a, b; Gutt, 1990; Massin, 1992). They frequently dominate
marine communities, particularly in tropical reef flats (Birkeland, 1989) and the deep sea
(Pawson, 1966; Menzies ef al., 1973, Khripounoff and Sibuet, 1980; Billett, 1991; Tyler
et al., 1994a). In the deep sea they also form part of the benthic community in areas of
manganese nodules (Pawson, 1988; Bluhm, 1994) and at hydrothermal-vents (Smirnov ez
al., 2000). Holothurians dominate the deep-sea invertebrate megafauna, both numerically
(Sibuet, 1985) and in terms of biomass (Zenkevitch, 1963; Rutgers van der Loeff and
Lavaleye, 1986; Billett, 1991). Deep-sea holothurians can account for up to 90% of the
ecosystem megafauna biomass, and because deep water covers over 70% of the surface
of the earth, holothurians are among the dominant organisms on our planet (Hendler et
al., 1995).

Holothurians appear regularly in deep-sea photographs (Hansen, 1972; Lemche et
al., 1976; Pawson, 1988) and may be observed occurring singly or in large aggregations
(Barham ez al., 1967; Billett and Hansen, 1982).

In contrast to the free-living asteroids, ophiuroids and crinoids, the holothurians
lack arms. The ambulacral areas have been incorporated into the body so that the
holothurians posses a bilaterally symmetrical body elongated along the oral/aboral axis.
Symmetry is pentamerous modified by a dorsoventral plane of bilateral symmetry
(Hyman, 1955). There are over 1400 described species divided into six orders:
Dendrochirotida, ~Dactylochirotida, ~Aspidochirotida, Elasipodida, Apodida and
Molpadiida (Pawson, 1976, 1982a; Smiley, 1994; Hendler, e al., 1995; Solis-Marin and
Laguarda-Figueras, 1998). Holothurians range in size from 1 mm (e.g. Leptosynapata
minutq) to >5m (e.g. Synaptula maculata). The orders are taxonomically differentiated on

the basis of the general shape of the body (Figure 1.1), tentacles, calcareous ring and
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ossicles (Figure 1.2), and the distribution and arrangement of the tubefeet (Pawson,
1982a).
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Figure 1.1. Representative holothurian body types. A. Oneirophanta, Deimatidae, Elasipoda; 100mm long (after
Hansen, 1975). B. Paracaudina, Caudinidae, Molpadida; 200mm long (after Lambert, 1997). C. Psychropotes,
Psychropotidae, Elasipodida; 150mm long (after Hansen, 1975). D. Pseudostichopus, Synallactidae, Aspidochirotida;
110mm long; E. Pelagothuria, Pelagothuriidae, Elasipodida; 80mm long. F. Ypsilothuria, Ypsilothuriidae,
Dactylochirotida; 30mm long (after Kerr and Kim, 2001). G. Rhopalodina, Rhopalodinidae, Dactylochirotida; 50mm
long (after Semper, 1868). H. Amphigymnas, Synallactidae, Aspidochirotida; 130mm long (ventral side) (after
Deichmann, 1930).
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Figure 1.2. Some holothurian ossicles: 1. knobbed button; 2.
table; 3. anchor plate; 4. rod; 5. smooth button; 6. wheel; 7. table
with a singled spire; 8. anchor; 9. shallow cup; 10. slender,
smooth rod. 1, 9. Dendrochirotida; 2, 7, 10. Aspidochirotida,
Synallactidae; 4. Aspidochirotida, Holothuriidae; 6, Apodida,
Chirodotidae; 3, 8. Apodida, Synaptidae.

The basic body plan is similar in all forms (Pawson, 1982a) (Figure 1.3). Around
the mouth, the water vascular system supports eight to thirty, finger-like, branched or
shield-shaped oral tentacles that are used for deposit or suspension feeding (Levin, 1999).
Five radii run along the body from mouth to anus. Tubefeet are usually present, but are
absent from the so-called “apodous” sea cucumbers. Their arrangement on the bodywall
can vary considerably. They are often more numerous ventrally than dorsally and can be
scattered in interradii as well as in the radii. Dorsal tubefeet may be modified to form
papillae (Hyman, 1955). Holothurian tubefeet usually have a terminal skeletal disk,
somewhat like echinoid tubefeet.

The interior of the bodywall is lined with circular muscles overlain by five radial
longitudinal muscles. A calcareous ring, comprising 10 or more sizable pieces, encircles

the oesophagus. The calcareous ring serves to support the oesophagus and is an
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attachment point for both the longitudinal muscles, which are used to contract the body,
and, where present, the pharyngeal retractor muscles, which are used to withdraw the
tentacles. The digestive system runs in a loop posteriorly, then anteriorly, then posteriorly
again terminating at the posterior cloaca or rectum and anus (Figure 1.3).

Some holothurian taxa possess respiratory trees, into which water is pumped for
dissolved gaseous exchange (Lawrence, 1987), but other groups of holothurians do not
have any respiratory structures (e.g. elasipodids). Some species are known to eviscerate
the posterior gut, including the respiratory trees, through the anus, on provocation. Others
possess specific sticky or toxin-containing Cuverian Tubules, associated with the
respiratory trees, for defence (Hyman, 1955). In most large and thick-bodied species
branching respiratory trees occupy the posterior part of the coelomic cavity. They are
composed of paired arborescent systems of tubes that are connected by means of a short

duct to the terminal, enlarged part of the large intestine, the cloaca (Hyman, 1955).
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Figure 1.3. Internal anatomy of a dendrochirotid holothurian, dissected from the left side.
1, tentacles; cr, calcareous ring; sc, stone canal; rm, retractor muscle; pv, polian vesicles; g,
gonad; gd, gonad duct; e, oesophagus; st, stomach; i, intestine; /m, longitudinal muscle;
i3, rete mirabile; ¢/, cloaca; c¢lm., cloacal suspension muscles; ¢/ p., cloacal aperture or
anus; mes, mesenterium,; rt, respiratory tree (after Forbes, 1841).
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Holothurians have no visible madreporite on the bodywall. Instead, it lies free in
the body cavity, with a stone canal leading to the water vascular ring that sits behind the
posterior margin of the calcareous ring. One or more thin-walled, sac-like polian vesicles
are also attached to the water vascular ring (Lawrence, 1987). The gonad comprises of
one or two tufts attached to the dorsal bodywall. These tufts are usually composed of
numerous branched or unbranched tubules. A single genital duct, running anteriorly in
the dorsal mesentery, leads to an opening in the middorsal interradius, immediately
posterior to the ring of tentacles (Sewell ez al., 1997).

An interesting feature of this group is the wide range of reproductive strategies
that have been adopted. Although most species are gonochoric, three of the six
holothurian orders have hermaphroditic representatives (Smiley er al., 1991). Some
species are capable of brooding their young (Ebert, 1996). In many species, development
is indirect, proceeding via vitellaria, auricularia and doliolaria larval stages. Many of the
elasipodids possess eggs of a “large” or “very large” size, and undergo direct
development into juveniles omitting a larval stage (Hansen, 1975; Tyler and Billett, 1987;
Billett, 1991; Gebruk ez al., 1997).

Holothurians either capture suspended or deposited food particles and transfer
them to the pharynx by means of the circumoral tentacles (Hyman, 1955). During
feeding, the tentacles are expanded into the substratum or into the water column. They
then contract, and bend into the mouth releasing food into the pharynx (Féral and Massin,
1982; Massin, 1982; Roberts et al., 2000). The tentacles are inserted rhythmically into the
mouth as a result of the co-ordinated actions of the aquapharyngeal complex (Lawrence,
1987). The feeding strategies of deep-sea holothurians can be inferred by analysing their
fatty acid composition, as shown by Ginger ef al. (2000) or by pigment signatures (Billett
et al., 1988). Their feeding, faecal production and locomotory activities are of great
importance in shaping benthic community structure and biogeochemical processes, such

as the removal of phytodetritus (Ginger e al., 2000; Roberts ef al., 2000; Witbaard et al.,
2001).
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Ossicles from the tubefeet may be smaller, often with an irregular disc (i.e. with
an odd number of small holes), than those from the bodywall. The diameter of the base
plate is generally 120-200um.

In general, the structure of the synallactid body is typical of holothurians. The
family possesses some species that show a surprising similarity to the more advanced
Elasipodida, while other forms resemble shallow-water Aspidochirotida, Dendrochirotida
and even Molpadiida (Deichmann, 1930).

The order includes some of the largest species of holothurians, some reaching
length of 1-2m (Ebert, 1978; Pawson, 1982a). Many of these are conspicuous tropical
shallow-water forms (Bakus, 1968, 1973; Chao ef al., 1995). The three aspidochirotid
families (Holothuriidae, Stichopodiidae, Synallactidae) have approximately 400 species
and are distinguished on the basis of structure of the gonad, and on the presence or
absence of tentacle ampullae (Pawson and Fell, 1965; Pawson, 1982a). Aspidochirotids
generally have thick bodywalls and few predators (Birkeland et al., 1982; Francour,
1997). They are usually found exposed in shallow-water tropical environments (Bakus,
1973). Synallactids, however, are mostly deep-water forms (Chao et al., 1995).

Some large forms are prized as food (beché-de-mer, trépang) in the Orient
(Conand and Sloan, 1988). The protein-rich bodywalls of these species are dried and used
in soups and other dishes.

The Synallactidae is one of the least-studied large taxa among the deep-sea sea
cucumbers, and yet holothurians of this family are some of the most characteristic
animals of the deep ocean. They appear repeatedly in photographic collections of abyssal
megafauna (Pawson, 1976; Bluhm and Gebruk, 1999). The majority of the Synallactidae
appear to spend their life upon the surface of the sediment, and not buried within it. Some
synallactids are capable of active swimming (e.g. Bathyplotes natans) (Miller and
Pawson, 1990). The epibenthic species traverse the seabed, feeding on the uppermost
layer of sediment. Many photographs of the deep-sea floor show their characteristic
tracks and faecal remains (Young ef al., 1985; Bluhm and Gebruk, 1999), thus providing
evidence of their important role in modifying the sediment landscape and in structuring

the communities that live within it (Roberts ef al., 2001).
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The group appears to be primitive. Its first occurrence in the fossil record is
represented by Priscopedatus triassicus from the Middle Triassic (Anisian) [250 million

years] (Gilliland, 1993; Simms ef al., 1993).

1.3. Ecology
1.3.1. Feeding

Synallactids, like many other holothurians, use their peltate, digitate or pelto-
digitate tentacles to collect particulate food. This high degree of adaptive radiation in
synallactid tentacular structure, which facilitates habitat and feeding specialisation of
different species, has been known for a long time (see Théel, 1882, 1886a). Most of
synallactids are deposit feeders (Lawrence, 1987; Roberts ef al., 2000). They ingest
sediments and extract organic material from them. Such animals are described as
sedimentation interceptors relying on physical processes, such as sedimentation and
water motion, to supply food particles (Taghon and Jumars, 1984).The diet of some
synallactids was studied by Khripounoff and Sibuet (1980).

During feeding, tentacles are expanded into the water column or onto or into the
substratum and, when loaded with particles, contract, bend into the mouth and release the
food into the pharynx. Tentacles are inserted rhythmically into the mouth as a result of
the co-ordinated actions of the aquapharingeal complex, which is essentially a similar
structure in all holothurians (Hyman, 1955; Roberts ef al., 2000). In synallactids, feeding

type may be inferred from tentacle structure (Table 1.1).

Table 1.1. Comparison of tentacles of synallactids (modified from Roberts e al., 1991,
2000 and Moore, 1994). Feeding type is inferred from tentacle structure.

Species Tentacle structure type Feeding

Amphigymnas bahamesis  Pelto-digitate Rake-feeder
Bathyplotes natans Fine peltate Sweeper

Paroriza pallens Digitate Rake-feeder
Paroriza prouhoi Digitate Rake-feeder
Pelopatides grisea Digitate Rake-feeder
Pseudostichopus villosus Pelto-digitate Rake-feeder
Synallactes chuni Fine peltate Sweeper

Mesothuria candelabri Digitate Rake-feeder
Zygothuria lactea Digitate Rake-feeder




F.A. Solis-Marin
Chapter One

The gut is long in almost all the synallactid species (Roberts ef al., 2000). The
intestine varies greatly among species in length and structure. One of the genera with a
long intestine is Mesothuria. A strong muscled stomach is commonly found in the
Synallactidae (e.g. Amphigymnas, Benthothuria and Synallactes).

Pelagic synallactids may also feed on suspended particles. The pelto-dendritic
tentacles of Scotothuria herringi Hansen, 1978 indicate that this species may be able to
capture particles in midwater (Hansen, 1978). However, analyses of pelagic
aspidochirotid holothurian stomach contents show that only specimens caught close to
the seabed have material in their guts and that this material comes from the sediment
surface (Billett ef al., 1985). In addition, observations made from submersibles and with
cameras indicate that pelagic holothurians feed preferentially at the sediment surface
(Pawson, 1982b; Billett, 1986).

The faeces of synallactids are often enclosed in a mucous casing. This casing may
be produced to protect the gut lining as the often-irregular particles are moved through it
by peristaltic action (Sibuet ef al., 1982; Lawrence, 1987; Garcia-Arraras ef al., 1998).
The faeces of deep-sea holothurians have a higher organic content than the surrounding
sediment, owing to initial selectivity by the sea cucumbers (Billett, 1991).

Unexpectedly, bacterial protein contributed only 3% of the total protein ingested
by a deep-sea holothurian (Sibuet, 1984). Bacteria, however, are far from being irrelevant
in the nutrition of holothurians. Digestion in deep-sea holothurians is aided by the
presence of an enteric barophilic microbial population which is of a different taxonomic
composition to that found in the sediment (Ralijaona and Bianchi, 1982; Bensoussan ef
al., 1984; Roberts ef al., 2000). The bacteria are directly associated with the intestinal
lining in the hindgut and are though to act as a commensal gut flora (Sibuet ef al., 1982;
Roberts ef al,, 2000). Bacteria release metabolites which will be taken up by the
holothurian (Albéric et al., 1987).

Locomotory and feeding activities of synallactids have major impacts on the
settlement and resuspension of both organic and inorganic particles in bottom sediments
(Roberts ef al., 2000). Suspension feeders tend to consolidate suspended particles and
facilitate sedimentation (biodeposition or biosedimentation) (Thayer, 1983). By contrast,
feeding and surface movements of deposit feeders holothurians result in the continued

reworking and mixing of particles in the sediment mixed layer (bioturbation) (Thayer,

10
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1983). This mixing affects sediment geochemistry and may lead to reduced or increased
habitat heterogeneity, which in turn affects biodiversity (Roberts e al., 2000). Some
synallactid genera, like Pseudostichopus, form furrows about 1cm deep as they plough
through the superficial sediment (Heezen and Hollister, 1971; Lemche et al., 1976;
Young et al., 1985). Smooth plough marks made by Pseudostichopus villosus are one of
the most common “Lebensspuren” (features on the sediment surface) in the Venezuela
Basin (Young et al., 1985) and similar features (simple furrows) are particularly common
in an area of the Bay of Biscay, BIOGAS St. 2 (Mauviel and Sibuet, 1985), where species
of Pseudostichopus and Mesothuria are found (Sibuet, 1977). In the North Atlantic, in
some areas of the Porcupine Abyssal Plain and Porcupine Seabight, plough marks made

by Pseudostichopus villosus and Pelopatides grisea are common (Billett, 1991).

1.3.2. Reproduction

Knowledge of reproductive processes in deep-sea holothurians, including the
family Synallactidae, has been gained only in the last ten years, even though this process
is of fundamental importance in understanding life histories.

Early taxonomic works described the gross morphology of the synallactid gonad
(Théel, 1882). The only detailed studies of reproduction in the family Synallactidae have
been on Mesothuria intestinalis (Smiley, 1988), Paroriza pallens, Paroriza prouhoi
(Tyler et al., 1992) and Bathyplotes natans (Tyler et al., 1994b). The structure of ovaries
has been described for Hansenothuria benti from bathyal depths in the Bahamas
(Eckelbarger and Young, 1992).

Synallactids are mainly gonochoric with some hermaphroditic representatives
such as Mesothuria intestinalis, Paroriza pallens and P. prouhoi (Tyler and Billett, 1987,
Billett, 1991). Pairing behaviour was observed in the hermaphrodite genus Paroriza by
Mauviel and Sibuet (1985) and Tyler e al. (1992). Pairing in these hermaphrodite
synallactids appears to be an adaptative strategy which ensures successful fertilization in
a low-density deep-sea population (Tyler ef al., 1992).

There is no evidence of seasonal reproduction in synallactids, as has been found
in other deep-sea echinoderms (Tyler, 1986, 1988; Tyler ef al., 1982). The population
structure of most of the bathyal holothurians, such as Bathyplotes natans, suggest a

unimodal size structure with no evidence of any marked seasonal recruitment of juveniles
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(Tyler et al., 1994b). No obvious reproductive seasonality was evident in B. natans as
well. Non-seasonality in breeding is a well-known characteristic of the deep-sea
echinoderms (Gage and Tyler, 1991).

Very little information is available on larval development in synallactids.
Pseudostichopus sp. 1, a species typical of the Porcupine Abyssal Plain (Billett et al.,
2001, referred as Pseudostichopus sp.), possess a variety of egg sizes that are present in
any one ovary. The egg size is similar in samples taken at different times of the year. The
maximum egg size is about 300um (Billett, 1991). Continuous reproduction with
development via an abbreviated lecithotrophic larval stage is likely (Billett, 1991).

As hardly any direct observations exist, conclusions regarding developmental

types have to be inferred from the egg diameter attained (Hansen, 1975).

1.3.3. Swimming

The flexibility of the bodywall, and its potential for elaboration has permitted the
evolution of swimming in some synallactids (Lawrence, 1987). Several synallactids
possess conspicuous external features that appear to be morphological adaptations to
swimming (Miller and Pawson, 1990). The most conspicuous of these are veils or brims
that assist in swimming activities by flapping or undulating, providing some upward lift
to the animal. Swimming movements usually involve contraction of the radial
longitudinal muscles.

Most of the swimming synallactids are facultative swimmers (Miller and Pawson,
1990). Bathyplotes natans and Hansenothuria benti swim by powerful and quick sinous
bends of the body in up-and-down directions (Miller and Pawson, 1989; Sars, 1868).
Pelopatides grisea swims by undulation of the lateral brim (Billett e al., 1985).
Scotothuria herringi was sampled by pelagic nets in the mid-Atlantic (Hansen, 1978)
several thousand of metres above the seabed. This species have a lateral brim of fused
tubefeet and swims by undulation of the brim, as suggested by Hansen and Madsen
(1956), in a manner similar to the swimming motion of the cuttlefish Sepia (Billett et al.,
1985; Billett, 1988).

Pelopatides gigantea is unlikely to gyrate more than a few metres from the sea
floor. Other species of this genus, P. retifer and P. confundes, however, have been

sampled 300 and 500-1000m above the seabed, respectively, indicating a more extensive
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pelagic life style than for P. grisea (Miller and Pawson, 1990). A large specimen (150mm
long) of Scothothuria herringi was sampled swimming at an altitude of 3600m above the
seabed (Hansen, 1978).

The efficient use of limited energy reserves may be an important consideration for
deep-sea holothurians that subsist on nutrient-poor sediments. For some species,
swimming or drifting as a means of dispersal may require expenditure of a minimal
amount of energy. The ability of some synallactids to enter the pelagic realm, even

temporarily, may provide an efficient means of long-distance dispersal.

1.3.4. Bathymetric distribution

The family Synallactidae occurs mainly at bathyal depths, rather than in shallow
water. Several authors have noted a few broad zones in the deep sea, but there is some
disagreement over the terminology of the zones and the bathymetric limits to which they
should be assigned. Some authors have followed the terminology of Bruun (1950) and
Hedgepeth (1957) dividing the deep sea from the shelf break into bathyal, abyssal and
hadal zones (Hansen, 1975). Hansen (1975) from his work on elasipodid holothurians,
recognized a hadal zone deeper than 6000m, an abyssal zone extending from between
1800 and 2600m to 6000m, and a bathyal zone from the shelf break (200 to 400m) down
to 1800/2600m. The boundary between the abyssal and bathyal zones was not distinct
and appeared to act more as an upper boundary for the abyssal species rather than a lower
boundary for the bathyal species. In this thesis, the terms bathyal and abyssal are used to
describe the depth distributions of the Synallactidae, as supported by Hansen (1975).

Hansen (1975) presented the bathymetric distribution of the genus Synallactes,
showing its bathyal-abyssal distribution, together with the genera Pelopatides,
Benthothuria, Mesothuria and Pseudostichopus. He also stated that the bathymetric
distribution of the Synallactidae was restricted to the deep sea, mainly in the bathyal
zone. In the same important monograph he concluded that the genera Bathyplotes and
Amphigymnas are exclusively bathyal.

The bathymetric distribution of the family Synallactidae ranges from shallow-
water (18m depth, Mesothuria intestinalis recorded in the Mediterranean Sea) to hadal
depths (>7000m depth, Pseudostichopus villosus recorded in the Kermadec Trench at the
Pacific Ocean). The Synallactidae are especially characteristic of the bathyal zone. The

percentage of species inhabiting the different bathymetric zones is as follows: 56%
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inhabit the bathyal zone, 18% the abyssal zone, 20% are bathyal-abyssal species, the 1%
are hadal and 5% are eurybathyal species. The genera Amphigymnas, Bathyplotes,
Pelopatides, Synallactes and Benthothuria are bathyal-abyssal. The monotypic genus
Hansenothuria is bathyal. Mesothuria is a eurybathyal genus, but it is mainly composed
by bathyal-abyssal species. The genus Pseudostichopus is bathymetrically distributed in
the bathyal, abyssal and hadal zones, but it is mainly bathyal-abyssal. The genera
Paroriza and Zygothuria are distributed in the bathyal, abyssal and hadal zones. No
genera are confined to the abyssal zone.

The causes for the change in synallactid species composition with depth are
complex and in any one area several factors will act together to produce the observed
pattern. Many of the factors have gradients, each operating on its own scale (Billett,
1988). Many of these gradients are related to depth. Some are physiologically important,
such as temperature and pressure (Somero ef al., 1983), while others are related to
resources, for instance food availability and space. Most of them are too little known for
an evaluation of a possible correlation between taxonomic affinity and depth range of
their species. But such a correlation is evident in Synallactes. 1t comprises 25 species,
which may be separated into an upper bathyal (728-1092m) and an abyssal (2098-4435m)
group. The shallowest recorded species of the bathyal-abyssal group have been taken in
the Arctic or Antarctic Oceans (e.g. Bathyplotes moseleyi, B. rubicundus). They may
represent two of the few examples of deep-sea holothurians ascending to shallow depths
in colder seas. It should be noted that the bathymetric distribution data could be strongly
influenced by sampling artefacts because the different bathymetric zones have not been

equally explored (see Hansen, 1975 for an example in the order Elasipodida).

1.3.5. Geographical distribution

The family Synallactidae has a cosmopolitan distribution, and some individual
species are very widely distributed (e.g. Bathyplotes natans). Although the geographic
distribution of some species is well known, the scarcity of collected specimens and
problems surrounding their taxonomic identity, make records of distribution rather
uncertain. Some species are difficult to distinguish and it is highly likely that distribution
records have been confused. Species with an apparently wide geographic distribution

may include two or more species that have been synonymised erroneously.
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Many abyssal species are widely distributed, although only a few species have
truly cosmopolitan distributions. Bathyal synallactids have more restricted distributions
and none are known to occur throughout the World’s oceans. Hansen (1975) concluded
that in general the geographic ranges of holothurians were greater with increasing depth
throughout the bathyal and abyssal zones.

The distributions of a few abyssal species are also possibly related to
hydrographic features, but in general there appears to be little correlation with features of
the physical environment (Hansen, 1975). Topographical barriers, however, do limit the
distribution of some abyssal species. It is possible that holothurian geographical
distributions are regulated to some degree by the total organic input to an area and the
temporal variability of the food supply (Billett, 1988). Geographic distribution is not
correlated with sediment type (Hansen, 1975; Billett, 1988).

Despite the few opportunities for isolation and speciation in the deep sea, Hansen
(1975) considered that the deep-sea species have arisen mainly through speciation in the
deep sea rather than through immigration from the sublitoral zone.

The geographical distribution of the Synallactidae is largely discussed in Chapter
Six of this thesis.

1.4. History of exploration and taxonomic study of the deep-sea holothurians, with a
particular reference on the family Synallactidae

Descriptions of deep-sea holothurians are almost exclusively found in the
monographs from the various large deep-sea expeditions. A review of these expeditions
and the work dealing with the collection of holothurians is therefore, at the same time, a
history of exploration and the taxonomy of this family.

During its taxonomic history, the family Synallactidae have been placed in
different taxa and within different groups. The study of the synallactids spans a short
period of approximately 200 years. Before Ludwig’s (1894) first attempt to unite the
synallactids under a unified taxonomic name, the first paper to ever deal with a
synallactid is that of Ascanius (1805), which includes an excellent description and
detailed drawings, of the shallow-water synallactid Holothuria intestinalis, a former

synonym of Mesothuria intestinalis.
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The remoteness of the deep sea and the difficulties in studying this environment
delayed the study of the group for more than 50 years. It was not until the last years of the
nineteenth century, that the pioneering circumnavigation voyage of HMS Challenger laid
the foundation for deep-sea biology and for the infant science of oceanography (Gage and
Tyler, 1991). The specimens from this famous worldwide expedition were described by
Théel (1882, 1886a, b). Théel (1886a) also examined a rich collection from the State
Zoological Museum in Stockholm. No other holothurian monograph has ever covered
such a wide geographic range as the Théel’s Challenger report, describing more than 300
species. The collection of synallactids was not so rich in species, only 14 species, of
which 4 were new to science. Although this work is one of the most important papers on
the taxonomy of the Synallactidae, Théel did not confirm the status of the various genera
belonging to this group. Instead he included them in the family “Aspidochirotae”,
establishing the genera Pelopatides and Pseudostichopus. Later, Théel (1886b), working
on material collected by the United States Blake expeditions in 1880, recorded 6 species
of synallactids including them in the genera Holothuria and Stichopus.

While the HMS Challenger brought home material from the three main oceans,
some of the subsequent deep-sea expeditions explored restricted regions.

In 1874 the Albatross sampled around New Zealand, and collected some
holothurians. Using this information, almost 100 years later, Pawson (1965) increased the
previous known New Zealand holothurian fauna by 50%. The Norwegian North-Atlantic
Expedition 1876-1878, with the research vessel Voringen, explored the Norwegian Sea
and the adjacent regions of the North Atlantic (Danielssen and Koren, 1882), providing
information on the taxonomy and distribution of the holothurians in this region. In 1880
the Blake made an expedition to the Gulf of Mexico, Caribbean Sea and along the eastern
coast of United States. In 1886 Théel published this information, providing new
distribution records for 6 previously known synallactid species. In 1891 Walsh described
the genus Amphigymnas from material collected by the Investigator (1887-1891) from
Indian deep-sea waters. He also described the synallactid Pannychia woodmasoni a
former synonym of Synallactes reticulatus. However, because he never stablished
holotype specimens, it is very difficult to establish the true taxonomical identity of this

species. Sladen (1891) describes a collection of Echinodermata from the Southwest coast
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of Ireland, dredged in 1888 by the Royal Irish Academy. He recorded 2 species of
synallactids, under the families Hc.)lothuriidae and Stichopodidae.

In 1893 Marenzeller described 2 species of synallactids collected during the 1890-
1892 expedition of Albert I to the North Atlantic and the Mediterranean Sea. He created
the species Pseudostichopus occultatus (see Marenzeller [1893, 1895]). In the same year,
Ludwig (1893), working on specimens collected by the Albatross in 1891 in the east
Pacific and the Gulf of California, recorded 3 species of synallactids from that area. A
year later, when working on the same Albatross material, Ludwig (1894) recorded 7
synallactid species, but this time included the synallactids as a formal taxonomic group
within the subfamily Synallactinae. Subsequently, 5 new species and 3 new genera were
erected. Here, he described the taxonomically difficult genera Mesothuria, Synallactes
and Meseres.

Koehler (1895) worked on the Caudan dredge samples taken in the Bay of Biscay
during 1890-1892. He described 5 new synallactid species placing them into the genera
Holothuria and Stichopus. In 1895 and 1896, the Danish expeditions Ingolf, Thor and
Dana explored the northernmost part of the North Atlantic and the south-west
Norwegian Sea. The specimens collected there were analysed much later by Heding
(1935, 1942a).

Two years after Ludwig’s (1894) work was published, Ostergren (1896) was the
first holothurian taxonomist to specifically work with Synallactinae. He described 4
species of synallactids, and described the genus Bathyplotes, transferring Stichopus
natans Sars, 1868 and S. fizardi Théel, 1882 to this new genus, and added a new species,
Bathyplotes fallax.

Hérouard (1896), in his preliminary notes on Mediterranean Sea cruises of the
Princesse-Alice, adopted Ludwig’s classification scheme for the subfamily Synallactinae.
He described a new species of synallactid as a “synaptinae” but he still used the
Stichopus name for some synallactids. In 1899 Hérouard reported 11 species of
synallactids (including 2 new species) collected by the Travailleur and Talisman cruises
in the Atlantic Ocean.

Many authors support Ludwig’s decision to erect the subfamily Synallactinae.
Sluiter (1901b), reviewing the Siboga material from the Indonesian archipelagos,

recorded 18 species of Synallactinae, naming 16 new species and a new genus;
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Bathyherpustikes. Hérouard (1901) in his preliminary notes on the species collected in
1898 during the pioneering Belgium Antarctic Expedition described the species
Mesothuria bifucarta.

In 1902 French naturalist Edmon Perrier, reviewing the Travailleur and Talisman
holothurian specimens from the southeast Atlantic, decided to erect the family
Synallactidae (previously known as a member of the family Holothuriidae, subfamily
Synallactinae). 9 genera were included in this family: Pelopatides, Pseudostichopus,
Mesothuria, Meseres, Synallactes, Bathyplotes, Zygothuria, and Bathyherpystikes. 13
species of synallactids were recorded, including 8 new species and 1 new variety. Perrier
made one of the most important modifications for synallactid taxonomy, by
synonymising the genus Herpysidia Perrier with Bathyplotes Ostergren and stated
differences between the genus Mesothuria and Zygothuria.

Subsequently, the number of genera included in the Synallactidae slowly began to
grow. Hérouard (1902) added the genera Allantis and Paroriza, when analysing the
Princesse-Alice (1892-1897) material collected at the Mediterranean Sea and North
Atlantic (principally off Azores). 8 species of Synallactidae were recorded, including 3
new ones.

The most influencial synallactid taxonomic paper ever written is that of Koehler
and Vaney (1905). It is an excellent monograph of the deep-sea holothurians collected by
the /nvestigator in the Indian Ocean. Their work added S new genera, and 28 new species
(including 1 variety) to the synallactid fauna. This is an important taxonomic paper for
the Synallactidae, because the authors transferred, for the first time, synallactid species
that were included in different families, such as Stichopus moseleyi, Holothuria murrayi,
Pannychia woodmasoni, into the subfamily Synallactinae. For the first time the authors
settled down on a good number of taxonomic characters to differentiate the group.

With the continuous exploration of the deep sea, new synallactid species were
discovered and the once scarcely-represented genera became more robust. In 1906, in
Hérouard’s notes on the species collected during the Belgium Antarctic Expedition, he
included a re-diagnosis for the genus Mesothuria. Such a re-diagnosis was increasingly
necessary given the increasing number of species included in this genus.

Further new species of synallactids were added by Vaney (1906a, b) in his

preliminary notes on the holothurians collected by the French Antarctic Expedition Dr.
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Charcot. Fisher (1907) on the Hawaiian holothurians collected by the Albatross during
the summer of 1902, and Augustin (1908) on some Japanese holothurians. Vaney (1908)
described the holothurians collected on the National Scottish Antarctic Expedition (1903-
1904) and Koehler and Vaney (1910) provided the revision of the records of the Indian
Museum, with the description of new species of synallactid from the Arabian Sea.
Hérouard (1912) described species from Princesse-Alice material from the Atlantic
Ocean, Mitsukuri (1912) described holothurians from Japan seas (mainly from Sagami
Sea) and Vaney (1914) examined material from the Second French Antarctic Expedition
(1908-1910).

Clark, H. L. (1913) recorded one species ofisynallactid collected by the Albatross
off Lower California, in the Mexican Pacific. This paper is very important because Clark
was the first to recognise that the genus Pseudostichopus must contain a rather large
group of forms, setting out the complexity of the genus.

Ohshima (1915) reviewed the holothurian material collected by the Albatross in
1906 from the Pacific around Japan. 96 holothurian species were reported, 46 of which
were new to science, with 20 corresponding to the Synallactidae, including 10 new
species. Unfortunately many of the holotypes named in this work were lost. In 1916-1919
Ohshima published a Chinese language version of his later work.

Not all taxonomists have always been in agreement over the systematics of the
Synallactidae. When Clark (1920) described the Albatross material from several localities
in the eastern tropical Pacific, seven species of synallactid were reported. Three new
synallactid species were described, including the genus Mesothuria in the family
Holothuriidae and the genus Capheira in the family Deimatidae. Although he might have
made a mistake, he does not explain his taxonomic decisions. In 1911 H. L. Clark, made
a subsequent review of the “old names” of Holothuria and Stichopus, and explained that
the names were taken in a very wide sense, including forms now distributed in various
families and orders. In his revision of the genus Stichopus, he proposed the inclusion of
some “stichopus” forms into the subfamily Synallactinae. In this work, Clark listed 8
synallactid species that were previously erroneously included in the genus Stichopus.

In 1921 Grieg published a report containing very few comments on the

echinoderm fauna collected during The Michael Sars North Atlantic expeditions. This
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paper listed 4 synallactid species. The true value of this work is that it provides
bathymetric distributional records.

In 1923 Hérouard wrote his most important work on the Synallactidae. It
describes the specimens collected by the Princesse-Alice in 1902 and Hirondelle II, both
from expeditions in the North Atlantic. 13 species of Synallactidae were described, of
which 7 were new to science. In this monograph, Hérouard added more information on
the shared taxonomic characters in the subfamily Synallactidae. Another report of
holothurian taxonomy containing information on Synallactidae, was that of Ekman
(1925) on the Swedish Antarctic Expedition (1901-1903). In this study he argued the
validity of different morphological characters in recognising different species into the
family Synallactidae. In his compilation of the British Isles Echinoderms (North East
Atlantic), Mortensen (1927) reported on 23 species of Synallactidae. He omitted the
genus Benthothuria Perrier from the Synallactidae, which he considered to be a possible
synonym of Bathyplotes Ostergren. Grieg (1932) also reported 2 species of synallactids
from his observations of the Northern Norway fiords in the spring of 1900.

A classic work on Atlantic sea cucumbers was published by E. Deichmann
(1930). The review includes 104 shallow and deep-water species, including 24 species of
synallactids, together with 2 new species. This monograph includes widespread species,
mostly tropical and subtropical forms. Is based entirely upon museum material, and
includes practically all the material available from the Atlantic cruises up until 1929. Like
all Elisabeth Deichmann’s papers, it contains excellent taxonomic descriptions, but her
drawings were seldom good enough to document or describe the shape and variability of
the ossicles and even diagrams of the calcareous ring were omitted.

Heding’s works (1935, 1940, 1942a,b) have created more problems than solutions
in the taxonomy of this group. In 1935, reviewing the material from the Danish Ingolf-
Expedition, Heding erected the genus Molpadodiademas (a former synonym of
Pseudostichopus) as a member of the Gephyrothuridae. In 1940 Heding wrote one of the
most controversial papers on synallactid taxonomy. In this work, he described 10 new
species and 1 new genus of Synallactidae, including the previously incerta sedis genus
Filithuria Koehler and Vaney (1905) in the Gephyrothuridae. This paper contained 21
records of synallactids. In an attempt to simplify the taxonomy of the group, the genus

Pseudostichopus was split into two subgenera, and the genus Mesothuria into four
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subgenera. Unfortunately, this taxonomic decision lacks strong supporting arguments and
has been rejected by most specialists. The genera Pseudostichopus, Paroriza and
Benthothuria were removed from the Synallactidae and included in the family
Gephyrothuridae. This left the family Synallactidae with only 15 genera: Mesothuria,
Bathyherpystiches, Kareniella, Bathyplotes, Synallactes, Amphigymnas, Dendrothuria,
Allopatides, Perizona, Bathyzona and Pelopatides. At the same time, Heding erected the
subgenus Monothuria and transferred the genera Allantis and Zygothuria to subgenera of
the genus Mesothuria. New subfamilies for the family Gephyrothuriidae were also
named; the subfamily Gephyrothuriinae, which includes the genus Pseudostichopus (split
in two subgenera), Filithuria, Plicatichopus, Paroriza, Molpadodiademas and
Gephyrothuria. These subgenera were erected without any diagnostic explanation. The
Subfamily Benthostichopodinae included the genera Platystichopus and Benthothuria
only. He described Paradeima elongata as new genus and species, including it as incerta
sedis. This last species happens to be a member of the genus Synallactes. He also
excluded a few synallactid genera from the synallactid family. However, most of the
Heding’s taxonomic decisions have been omitted in more recent papers by several
authors (Deichmann, 1940, 1954; Cherbonnier and Féral, 1981; O’Loughlin, 1998).

Heding’s classification, placing the genera Benthothuria, Paroriza and
Pseudostichopus ~ within  the family  Gephyrothuriidae, under the “order
Aspidochirotacea”, has now been rejected by most holothurian specialists (O’Loughlin,
1998). However, Heding’s decisions may have lead to many mistakes in the subsequent
literature. O’Loughlin (1998) excludes the genera Gephyrothuria and Hadalothuria from
the Synallactidae, and reinstated the genera that Heding (1940) had excluded
(Pseudostichopus Théel, 1886; Meseres Ludwig, 1894; Benthothuria Perrier, 1898;
Paroriza Hérouard, 1902; Filithuria Koehler and Vaney, 1905; Platystichopus Heding,
1940 and Peristichopus Djakonov, 1952).

During the years 1947 and 1948, the Swedish Deep-Sea Expedition undertook
cruises, trawling in the deep mid-Atlantic, with stations at hadal depths in the Puerto Rico
Trench. Using specimens from these cruises Madsen (1953a,b) described 27 species of
synallactids from the Pacific, Atlantic and Indian Oceans. During the Second World War,
a preliminary list on the Allan Hancock Pacific holothurian material was compiled by

Domantay (1953). This material included some of the famous Velero III cruises to the
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Pacific Ocean (1932-1938). Unfortunately, the paper was rather hurriedly published by
him without having any supposedly new species checked or compared with the type
material. In his work he named three new synallactid species. These three species were
nomida nuda after their formal taxonomic description by him years later (Domantay,
1961). In this thesis, his synallactid species are rejected once and for all.

The expedition of Africana II in 1959 to the Cape Peninsula, South Africa,
collected 17 species of deep sea and shallow-water holothurians that were studied by
Thandar (1999). Successive works by several authors produced more information about
the taxonomy and geographical and bathymetric distribution of the synallactids from
different oceans. This included the Pacific Ocean (Djakonov, 1949; Panning, 1952;
Madsen, 1953a,b; Hansen, 1956; Baranova, 1957, Djakonov and Baranova, 1958;
Pawson, 1963, 1965), the Atlantic Ocean (Deichmann, 1940, 1954) and the
Mediterranean Sea (Tortonese, 1949, 1961, 1963, 1965). These works described new
species (Cherbonnier, 1952; Djakonov, 1952; Domantay, 1953; Baranova, 1955) and a
new genus for the family (Hansen and Madsen, 1956).

In the 1970s most of the research carried for the study of deep-sea holothurians
was centred on obtaining ecological data (e.g. Carney, 1971). The introduction of the
boxcore sampler, derived from devices used by geologists (Gage and Tyler, 1991),
provided fortuitous discoveries of new synallactid species (e.g. Sibuet, 1978).

The French BIOGAS cruises (1972-1974) to the Bay of Biscay reported on the
spatial and bathymetric distribution of 35 species of echinoderms from that area,
including 13 synallactids (Sibuet, 1977, 1978). The 1975 Meiring Naude cruises collected
holothurians from deep and shallow waters around the South African Coast. From that
material Thandar (1992) described a new species of synallactid. The Spanish Iberian
coast was sampled by the 7halassa (Cherbonnier, 1969, 1969-1970), Hespérides 76
(Montero, 1980) and BIOGAS (Laubier and Monniot, 1985). During the CAP-89 cruises
in 1989, the Spanish Vessel Garcia del Cid collected 42 deep-sea echinoderm species
from the Spanish Atlantic coast (De la Hoz and Garcia, 1991). Expeditions in the Pacific
Ocean have monitored the synallactid fauna in Indonesia (Massin, 1987a, b; Jangoux et
al., 1989), the Philippines (Cherbonnier and Féral, 1981), China (Liao, 1997) and the
Japan seas (Imaoka ef al., 1990).
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The British vessels RRS Challenger and RRS Discovery have collected deep-sea
holothurians from the Northeast Atlantic. Numerous works, including information on
synallactids, have been presented by Tyler and Gage (1983), Gage ef al. (1983, 1985),
Walker ef al. (1987), Billett (1988, 1991), Harvey ef al. (1988) and Tyler ef al. (1985a,b;
1992; 1994b) and Gebruk et al. (1997). These papers provided information on the
taxonomy, reproduction, distribution and other important ecological aspects of deep-sea
holothurians.

The introduction of: deep-diving submersibles has provided excellent information
on the ecology and taxonomy of Caribbean synallactids. Pawson (1982b) and Miller and
Pawson (1989, 1990) have used material collected from the research submersibles Alvin
and the Johnson Sea-Link I and II to describe new synallactids (e.g. Hansenothuria benti
Miller and Pawson, 1989) and to describe the swimming behaviour on some synallactid
species (Miller and Pawson, 1990).

Gutt (1990a, b; 1991) presented information on the distribution and ecology of
holothurians in the Weddell Sea. In 1984 German expeditions on board the Polarstern
provided information on the distribution and ecology of three synallactid species. Massin
(1992) described two species of synallactids from the Sub-Antarctic region at Marion and
Prince Edwards Islands, presenting for the first time, an excellent description and
drawings of the rare and taxonomically-controversial Synallactes challengeri. Later,
Branch ef al. (1993) presented taxonomic keys for the echinoderms of this region,
recording 2 species of synallactids. The Scandinavian holothurians, including two species
of Synallactidae, have been reviewed by Madsen and Hansen (1994). In the last seven
years, the majority of papers on synallactids have been concerned with taxonomy. Rowe
and Gates (1995) summarized some very important taxonomic decisions for the family
Synallactidae. More recently, O’Loughlin (2002) working on material from the British,
Australian and New Zealand Antarctic Research Expedition (BANZARE) 1929-1931
from Kerguelen Island and eastern Antarctica, is reviving the genus Meseres. O’Loughlin
gives systematic and distribution notes on 14 synallactid species, including the
description of 2 new synallactid species. More extensive explorations may, however,
show that a somewhat richer synallactid fauna exists in the world oceans than has hitherto

been supposed.
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L.S. Basic problems with holothurian taxonomy

Taxonomists have been identifying holothurians since Greek times. The actual
name “holothuria” came from the Greek “olothurion”, a term assigned by Aristotle to the
Holothuroidea (Forbes, 1841) meaning “worm-like”. Holothurian morphological
taxonomy has been built around variability in some external and internal characters (see
Pawson, 1970, 1977 and 1982a) such as body form, tentacle shape, presence-absence of
tubefeet, number of polian vesicles and madreporites. Lamentably, these morphological
characters can vary owing to natural or artificial causes making taxonomic identification
a complicated task. Deep-sea holothurians, such as the family Synallactidae, are even
more complicated to identify because of the natural plasticity of their morphological
characters and the collecting difficulties in the deep sea.

Explaining the complexity in the handling and interpretation of the taxonomic
characters used in the holothurian and synallactid taxonomy can help in understanding
the difficulty in identifying holothurians. The principal external characters in the
classification of holothurians are: a) shape and number of the tentacles, b) shape and
appearance of the whole body, c) position of the mouth and anus, d) presence and
distribution of tubefeet and, e) presence and distribution of dermal accessories (e.g.
papillae, anal teeth, fringes, etc).

When preserved, holothurians shrink, so all the external characters can easily be
distorted. The shape and number of tentacles are morphological characters that can be
affected easily by natural causes such as predation and age of the individual (Lawrence,
1987). The type of fixation method can dramatically affect the shape of the tentacles and
dermal accessories. Formalin and even alcohol can shrink or burn the tips of the tentacles
and papillae in few minutes and the specimens derived from these fixation techniques can
be wrongly identified.

Although of great taxonomic value, the holothurian tentacle has received little
attention (Roberts, 1982). Increasing consideration has been directed towards detailed
structural studies of the aspidochirotid tentacle (Roberts, 1979, 1982; Bouland et al.,
1980) in order to explain the importance in the classification of the group. Taken together
with ossicle studies, such as those of Rowe (1969) and Cutress (1996), a more thorough
comprehension of the radiation of the group and a more natural classification should

emerge.
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The poor representation of juvenile stages of holothurians (owing to different
collecting problems) in the scientific collections has led to their misidentification. The
tubefeet increase in number with age and are a difficult taxonomic character to deal with
(Deichmann, 1940). In very young individuals, there is a double row of pedicels along
the midventral line and a single row down each side (e.g. Pseudostichopus spp.). Later
these series widen, become densely crowded, and many even merge, so that the whole
ventral surface is closely covered with pedicels. Meanwhile scattered pedicels occur on
the dorsal surface and these increase in number with age, but never form definitive series.

The older literature is cluttered with worthless species, with identifications based
on poorly preserved specimens or immature or aged individuals. Therefore the
identification of specimens is naturally not a simple task and it is not unusual that with
the passage of time a large number of specific names have been used in connection with
the family Synallactidae.

Sometimes, even those specimens collected with care by submersibles and carried
to the surface in seawater-filled containers have arrived aboard ship in very poor
condition (Pawson, 1982a). During the journey from the seafloor to the surface, the
epidermal and dermal tissues of the holothurians begin to slough off, and frequently the
entire external bodywall is completely autotomized, leaving internal organs surrounded
by the longitudinal and circular muscle layers. The bodywall contains such a high
percentage of water that even the most carefully preserved specimens undergo a very
great shrinkage, often amounting to >90% (Billett, 1991). If care is not taken in fixing
and preserving, the animal not only shrinks but also becomes badly distorted, therefore
most museum material gives little indication of their original form or size in life.

Among the principal internal characters in the classification of holothurians are:
a) shape and distribution of ossicles, b) shape and consistence of the calcareous ring, c)
presence-absence of respiratory trees, d) presence-absence of tentacle ampullae, €)
presence-absence of refe mirabile, f) division of the longitudinal muscles, g) number of
polian vesicles and, h) number, shape and distribution of gonad tufts.

Strong evidence has recently emerged that ossicles can change fundamentally
over the life of an individual holothurian (Massin, 1994; Smiley, 1994; Cutress, 1996;
Gebruk, 1998), resulting in new species being described based on juvenile characters.

Externally, ossicles in synallactid can be found in the bodywall, tentacles, tubefeet and
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papillae. Internally they can be found in the gonads and respiratory trees. They are of
paramount importance in classification, particularly at the level of the genus and species.
The ossicles in juveniles usually are very different from those in adults of the same
species (Cutress, 1996), and in some cases the juveniles have been described as separate
species. Synallactid juveniles are not often collected, owing to their small size and cryptic
existence. Occasional mention is made in the literature of a young specimen, but changes
in the ossicles during growth have been carefully documented for very few species
worldwide (Mitsukuri, 1897, Howaza, 1928; Thandar, 1987; Cutress, 1996).

Certain synallactid ossicles have convenient names, such as tables, rods, and
baskets (Figure 1.2). Unfortunately, the ossicles are completely lacking in some
synallactid genera (e.g. Benthothuria and Paroriza) and their taxonomic identification
needs to be made on the basis of the external and internal morphology of the soft tissue
elements. Resorbtion is also known to affect other patterns of ossicle change (Cutress,
1996). Ossicle variation in deep-sea holothurians is generally less well documented
owing to the poor knowledge of juvenile stages (Gebruk, 1998). Unfortunately, formalin
or other chemical acid agents can dissolve or alter the shape of ossicles, which make this
highly valuable taxonomic character especially susceptible to external manipulation.

The number of polian vesicles in the family Synallactidae is not a safe guide to
specific differences, for while the number is commonly 1-3 (e.g. Synallactes ishikawai
Mitsukuri and Synallactes triradiata Mitsukuri) some species show great variation having
from 9 to 13 vesicles (e.g. Synallactes multivesiculatus Ohshima, 1915). The presence of
a tuft of gonads on each side of the dorsal mesentery has long been regarded as the chief
distinguishing feature at genus level in the family Synallactidae (e.g. to differentiate
between the genus Mesothuria [single tuft] and Bathyplotes [double tuft]). But there is
need of further study on living, or fresh, material, to ascertain what the age or seasonal
differences may be. The calcareous ring is of particular importance in holothurian
taxonomy (Pawson and Fell, 1965). The ring may have a well-developed structure (e.g.
Mesothuria), a moderately developed structure (e.g. Pseudostichopus) or be completely
absent (e.g. Benthothuria). The ring itself is typically composed of 10 pieces (5 radial and
5 interradial). The shape of each piece (radial or interradial) can vary depending on its

position in relation with the whole body (e.g. dorsal, ventral, midorsal, midventral, etc.).
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In deep-sea holothurians, even when the specimens were carefully collected and
fixed, there is still the chance to only obtain completely eviscerated bodies, which makes
all the internal characters completely useless, forcing the taxonomist to rely strictly on the
external characters and kind of ossicles. Even with all the problems mentioned above,
attempts to reconstruct the holothurian phylogeny have been made using only

morphological data (Kerr and Kim, 2001).

1.6. Molecular taxonomy

In the 1960’s, the newest era in the history of biology, molecular biology, began
making important contributions to one of the most established biological disciplines,
systematics. Until then, the classification of life had been primarily based on
morphological studies. Although there has been considerable cross-fertilization between
morphological and molecular systematics, there has also been conflict of results and
disagreement among practitioners of these two subfields (Hillis and Wiens, 2000). This
has led to the perception of a battle of sorts between molecular and morphological
systematics. Morphological and molecular approaches to systematics have different
strengths, but also have many problems and difficulties of analysis in common (Hillis and
Moritz, 1990). The coordinated effort between morphological and molecular systematics
is necessary to make real progress in assessing the World’s biodiversity. Significant
inconsistencies between molecular and morphology-based phylogeny are rare. Most of
the apparent conflicts do not stand up to statistical scrutiny (Littlewood et al., 1997).
Moreover, the two approaches to systematics are largely complementary, and each
approach has advantages and disadvantages. Morphological and molecular studies can
each address questions that cannot be addressed by the other (Littlewood ef al., 1997,
Hillis and Wiens, 2000). And, where the two fields overlap, agreement of the results
overwhelms any incongruity.

A similar combined morphological and molecular approach has been successfully
applied to resolving relationships within individual echinoderm classes involving a large
number of individual taxa: asteroids (Lafay ef al., 1995), echinoids (Littlewood and
Smith, 1995), ophiuroids (Smith ef al., 1995) or as a whole group (Littlewood ef al.,
1997).
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Molecular techniques are particularly useful because the classification of the
Synallactidae is often complicated by the morphological plasticity of the family. Thus
plasticity has led to uncertainties in systematics at the generic and species level.

This is often because of 1) difficulties in preserving synallactid specimens, 2)
great variability in shape, 3) predominance of cosmopolitan or widely distributed species,
4) highly specious genera and 5) lack of reliable and constant characters. This all makes
the family Synallactidae a very good candidate to combine both molecular and

morphological taxonomy to study its phylogeny.

1.6.1. Advantages of molecular data

The greatest advantage of molecular data in systematics appears to be the large
number of characters available for analysis (Hillis, 1987). Theoretical and empirical
studies have shown that a sufficient number of characters is crucial in estimating
phylogeny (Hillis and Wiens, 2000). Typical molecular studies involve several hundreds
or several thousand characters, and studies that include tens of thousands of characters
even are becoming common (e.g. Bailey ef al., 1992). This contrasts with morphological
studies, in which a given analysis rarely includes more than a few hundred characters and
averages about three characters per taxon (Sanderson and Donoghue, 1989). The
potential number of morphological characters may not be much greater than the number
actually used in studies, but the potential number of molecular characters is much greater.

Another advantage of molecular data is the wide range of substitution rates that
exist across nucleotide sites (Hillis and Moritz, 1990). This permits phylogenetic analysis
of everything from morphologically indistinguishable conspecifics to the most distantly
related linages of life (Hillis and Wiens, 2000).

Molecular data also have the advantage that their genetics basis is usually known,
whereas the genetic basis of most morphological characters is merely assumed. To date,
few (if any) morphological phylogenetic findings have been discredited for being based
on non-heritable variation (e.g. Haeckel, 1866). However, non-independence is likely to
be a major problem in morphology, even though there are few good examples of non-
independence in the literature (Emerson and Hastings, 1998). A lack of knowledge
regarding the genetic basis of morphological characters makes the potential for non-

independence in morphology-based phylogenies a largely intractable problem. Although
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molecular data sets could likewise have the flaw of non-independence, discovering the
flaw and finding appropriate alternatives (e.g. Dixon and Hillis, 1993) are likely to be
much easier than for morphological data sets.

Another advantage of the molecular approach is that characters can be selected
and defined in a relatively objective manner. For example, a molecular systematist picks
a gene and analyses all of its nucleotide sequences. Although alignment decisions and
choice of the gene to be sequenced involve subjectivity (Hillis and Moritz, 1990), the
criteria used to delimit characters typically are straightforward and objective (Hillis and
Wiens, 2000). In morphological systematics, the characters must be discovered and
delimited by the systematist, usually without any explicit criteria for character selection
or coding. Thus, morphological data sets have the potential to be quite arbitrary (e.g. Gift
and Stevens, 1997). For example, morphologists do not generally report their criteria for
including or excluding characters, and when criteria are given, they vary considerably
among studies (see Paul and Smith, 1988). There is little to prevent morphologists from
excluding those characters that cause their preferred hypothesis to be rejected, and
morphological studies typically include too few characters anyway. These concerns
would be greatly alleviated if morphologists routinely provided well-defined criteria for

selecting and delimiting characters.

1.6.2. Advantages of morphological data

The greatest advantage of morphological studies is that they allow for much more
thorough taxonomic sampling than is possible with molecular analyses. Sampling a large
number of taxa for molecular studies can be difficult because of the cost of sequencing,
the need for relatively fresh material, the rarity of species, and the inaccessibility of the
areas where certain taxa occur. In contrast, museum specimens can be used to cheaply
and easily score many morphological characters for a vast array of taxa. Thorough taxon
sampling is important for systematic revisions, studies of character evolution, and
phylogenetic estimation. The greatest benefit of including additional taxa may be the
potential to subdivide long branches in the estimated tree, which if insufficiently
subdivided can result in inaccuracies in character reconstructions and in phylogenetic
estimation. Long branches can mislead all phylogenetic methods and thus can lead to

answers that are strongly supported, but wrong (Felsenstein, 1978; Huelsenbeck, 1995).
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Another advantage of morphology-based phylogenetics is that each
morphological character is probably encoded by a different gene or set of genes, whereas
in molecular data sets, many or all nucleotide characters may be drawn from the same
gene. If the evolution of a gene differs from that of a species, trees reconstructed from
molecular data may give well-supported wrong answers to questions about species
phylogeny (Doyle, 1992). Therefore, estimates of species phylogeny based on only one
gene should be taken with caution. Morphological data sets are virtually immune to this
problem and can be used as an important “reality check” to phylogenetic estimates that
are based on the molecular characters of a single gene (Doyle, 1992).

Finally, in addition to phylogeny reconstruction, morphology continues to play a
crucial role in alpha taxonomy. In almost all groups of organisms, species are described
and identified on the basis of morphological data. Therefore, even molecular systematists

depend largely on morphology to determine which species they have sampled.

1.6.3. Integrating molecular and morphological data

Given that molecular data and morphological data have distinct advantages, they
can be integrated to find the best estimate of phylogeny (Hillis and Wiens, 2000). One
way to integrate these two types of data is through combined analysis, analysing all the
data simultaneously in a single matrix. The results of the combined analysis may then be
compared with the results of each of the individual analyses, a process that is much like a
standard statistical meta-analysis (Hillis, 1987). In many circumstances, the combined
analysis yields a better estimate of phylogeny than any of the separately analysed data
sets yield. In such cases, combined analysis should improve the estimate by increasing
the number of characters applied to the problem, and it may also reveal groups not seen
in the trees from the separate data sets (Barrett ef al., 1991; Chippindale and Wiens,
1994).

1.6.4. The advances in using mitochondrial DNA as a phylogenetic tool
Mitochondrial DNA is a popular phylogenetic tool for marine invertebrate

studies. Several recent reviews have listed cases where mitochondrial DNA analyses have

played a critical role in the recognition of species boundaries in the sea (Knowlton, 1993;

Thorpe and Solé-Cava, 1994; Creasey and Rogers, 1999; Knowlton, 2000).
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Mitochondrial DNA has enormous potential for clarifying the nature of species
boundaries in echinoderms (Rutherford, 1977; Arndt ef al., 1996; Edmans ef al., 1996;
Littlewood et al., 1997, Williams, 2000; Sooner ef al., 2001; Flowers and Foltz, 2001).

Mitochondrial DNA is preferred over nuclear DNA in phylogenetic studies
(Jacobs et al., 1988). Using nuclear DNA introduces a number of problems: these include
the difficulty of distinguishing orthologous from paralogous genes in multigene families,
uncertainty whether sequences have evolved at constant rates in different lineages
(Jacobs et al., 1988), and the unknown contribution of gene conversion and “promiscuous
exchanges” to observed sequence differences (Jacobs e al., 1988; Hillis and Moritz,
1990). All these indicate the unreliability of phylogenetic relationships deduced solely
from these types of data.

The animal mitochondrial genome is a supercoiled, circular DNA of 15-20kb
(Hillis and Moritz, 1990), which always (except in nematodes) encodes the same thirteen
polypeptide subunits of the mitochondrial inner membrane respiratory complexes, as well
as the rRNAs and tRNAs required for their synthesis inside mitochondria (Bibb ef al.,
1981, Roe ef al, 1985, Clary and Wolstenholme, 1985; Jacobs et al, 1988).
Mitochondrial DNA replication, transcription and translation are semi-autonomous
processes within the cell, which nevertheless require proteins (Wong and Clayton, 1986)
encoded by nuclear genes. In animals, nuclear and mitochondrial genomes are physically
and functionally separated, operating on principles as different as, if not more so, those
between prokaryotes and eukaryotes (Jacobs ef al., 1988). The only genetic exchange
between them, which has been demonstrated, is the rare incorporation of sequences of
mitochondrial origin into nuclear DNA (Lewin, 1983; Gellissen ef al., 1983). In animals,
mitochondrial DNA is inherited uniparentally through the maternal line (Lansman ef al.,
1983). In each generation the mitochondrial DNA of an individual is believed to derive
clonally from just a few mitochondria present in the developing oocyte (Hauswirth and
Laipis, 1985). It seems reasonable, therefore, to discount the possibility that variant
mitochondrial genomes might coexist in a linage over appreciable lengths of time and
suffer periodic quantal changes (Jacobs ef al,, 1988) as a result of gene conversion
phenomena, such as occur in nuclear gene families. Mitochondrial DNA may, therefore,
be regarded, as it has behaved over long evolutionary periods, as a set of true single-copy

genes (Hillis and Moritz, 1990), even though it is physically present at hundreds of copies
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per cell. Moreover, mitochondrial DNA exhibits highly conserved amino acid sequences
over much of its length, and the overall gene content and mode of organization appear to
be universally conserved across the animal kingdom, with rearrangements in gene order
occurring only extremely rarely (Edmans ef al, 1996). These conservative features
permit useful phylogenetic inferences to be drawn from studies of the mitochondrial

genome in different taxa (Dowling ef al., 1996).

1.7. Aims of the present work

Following the points stressed in section 1.3, this thesis has as its primary aim the
production of a comprehensive understanding the phylogeny and systematics of the
holothurian family Synallactidae. This study also intends to aid the future identification
of synallactid species. The phylogenetic study is based on both morphological and
molecular data. Partial DNA sequences of two mitochondrial genes, 870 nucleotides of
Cytochrome Oxidase subunit 1 (COI) and 350 nucleotides of the large ribosomal RNA
subunit (IrRNA) have been used in order to provide an accurate phylogenetic hypothesis

regarding the phylogeny of the family Synallactidae.
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Chapter Two - General Materials and Methods

2.1. Holothurian collection and fixation

Specimens were collected by trawling using a Semi-Balloon Otter Trawl (OTSB)
and the IOS Epibenthic sledge (BN) from research ships RRS Challenger and RRS
Discovery. Most of the species were collected from the Porcupine Abyssal Plain and
Porcupine Seabight in the North East Atlantic (Figure 2.1), with the exception of
Isostichopus fuscus (Ludwig), which was collected using SCUBA diving from a shallow-
water site (15m depth) in the East Pacific, off the coast of Jalisco, Mexico (21°N) in the
year 2000. This latter species was used as an outgroup in the molecular studies described
in this thesis. Details of sample stations are given in Tables 3.1, 3.2 in Chapter 3; Table
4.1 in Chapter 4. Descriptions of the sampling programmes are presented in Rice et al.
(1991) and Billett and Rice (2001).

Specimens for morphological study were sorted on deck, cleaned in seawater and
fixed in 4-8% formalin neutralized with borax (prepared with sea water). The specimens
were transferred to 70% alcohol after a period of 24 to 72 hours. Ordinary non-buffered
formalin dissolves the deposits and should never be used for specimens for taxonomic
studies. Specimens first kept in formalin in some instances proved to have retained their
natural shape better than specimens transferred directly to alcohol.

Holothurians for the reproduction studies were dissected onboard ship. To excise
the gonads an incision was made in the dorsal surface, which exposed the oesophagus and
intestine as well as the gonad. The gonad was removed whole by cutting the gonoduct.
The gonads were fixed in 8% formalin for 48hrs, and then transferred to 70% alcohol for
storage.

Total length (TL) and wet weight (WW) were determined after the coelomic fluid
had been drained and the body had been wiped free of surface water. Dry weight (DW)
was determined after drying the specimens in a freeze-dryer or under vacuum at 60°C for
up to 14hrs. Subsamples were then analysed for ash-free dry weight (AFDW) by heating

in a muffle furnace at 500°C for 4 hours.
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Figure 2.1. Bathymetric chart of the study area in the North Atlantic with 1000-4000m
isobaths.

Molecular analyses require tissues to be sampled in a state in which the proteins
and nucleic acids are maintained in the same structure as they occurred when they were
physiologically active. Toward this goal, specimens collected for molecular analyses were
immediately placed in chilled seawater on board ship and transferred to a temperature-
controlled room (4°C). Individuals were dissected to obtain a sample of longitudinal
muscle from the bodywall, which was immediately placed in 99% ethanol.

Supplementary material for DNA comparison was obtained from museum
specimens (Appendix 1) that I personally dissected, and some other were sent by
colleagues from different Institutions. Some of these specimens had been stored in 70%

alcohol since they were collected.
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2.3. Photographic records

Because of the shape and colour changes that the freshly sampled synallactid
specimens suffer when they are transferred to formalin and alcohol, a series of digital
photographs were taken on RRS Discovery Cruise 250 in order to record shape and colour
of the fresh material (e.g. Figure 2.2). When visiting the scientific collections (Table 2. 1)
digital images from holotype-series and non-type specimens were taken and stored for
future taxonomic reference. The images included general body shape (external
characters), internal anatomy and ossicles from different body regions. Because the great
number of photographs and the limited space in this thesis, I have attached a CD at the

end of this thesis that contains 127 images. These are referenced in Chapter Five of this

thesis.

Table 2.1. Museums and collections visited or mentioned in the present study.

ICML-UNAM: Coleccion Nacional de Equinodermos, Mexico City. *

IRSNB: Institut Royal des Sciences Naturelles de Belgique, Brussels.

LACM: Los Angeles County Museum, Los Angeles, California, U.S.A.*

MCZ: Museum of Comparative Zoology, Cambridge, Masachusetts, U.S.A.»

MFPLH: Museo Felipe Poey, University of Cuba, La Habana, Cuba. *

MNHN: Museum National d’Histoire Naturelle, Paris.*

MOM: Musee Oceanographique, Monaco.»

NHM: Natural History Museum, London, England. *

RMNH: Rijksmuseumn van Natuurlijke Historie, Leiden, Holland.*

RSM: Royal Scottish Museum, Edinburgh, Scotland.«

SAM: South African Museumn, Cape Town, South Africa.e

SMBL: Seto Marine Biological Laboratory, Japan.»

SOC: Southampton Oceanography Centre, RRS Discovery Collection, Southampton, England. *
USNM: United States National Museum, Smithsonian Institution, Washington, D.C., U.S.A *
ZIAS: Zoological Institute Academy of Sciences, Leningrad, St. Petersburg, Russia.»

ZMA: Zoological Museum, Amsterdam.»

ZMUC: Zoological Museum, University of Copenhagen.*

ZS: Zoologische Staatssammlung, Munich, Germany. *

(*)= visited; (*)= not visited.

36



F.A. Solis-Marin
Chapter Two

2.4, Systematics

Most of the taxonomic information was obtained by surveying both the grey and
primarily recent literature on the family Synallactidae. Original taxonomic descriptions of
the material described in this thesis were written in English, German, French, Russian and
Chinese. The majority of the information is contained in the taxonomic works of
Marenzeller (1893a,b), Ludwig (1894), Sluiter (1901a,b), Hérouard (1902, 1923),
Mitsukuri (1912), Deichmann (1930), Imaoka (1978) and Cherbonnier and Féral (1981).

2.4.1. Taxonomic identification

Identifications were made using original descriptions and taxonomic keys prior to
any further analyses mentioned in this chapter (Walsh, 1891; Marenzeller, 1893 a,b;
Ludwig, 1894; Ostergren, 1896; Sluiter, 1901; Hérouard, 1902, 1906, 1923; Mitsukuri,
1912; Mortensen, 1927; Deichmann, 1930, 1940; Heding, 1940; Djakonov, 1952;
Djakonov ef al., 1958; Fisher, 1907; Hansen, 1978; Imaoka, 1978; Cherbonnier and Féral,
1981; Miller and Pawson, 1984, 1989; Imaoka, ef al., 1991; Massin, 1992).

2.4.2. Re-examined material from museums collections

In order to 1) examine type specimens, 2) corroborate distributional (geographic
and bathymetric) data and 3) collect muscles tissues for the DNA analyses, a variety of
institutions were visited (Table 2.1). A list of the specimens examined together with their
deposition numbers and collection information is available in Appendix 1.

For each species, selected synonymy, primary diagnosis, location of type material,
type locality, distributional data (geographical and bathymetrical) and extra biological
information were extracted from the primary references. This information is summarised
in Chapter Five. Geographical and bathymetrical information was also gained when

studying the different museum collections.

2.4.3. Ossicle preparation

Ossicles are generally smaller than lmm in diameter. Many are less than 50um
and must be examined with a compound microscope. Ossicles were isolated from the
bodywall (anterior, central, posterior [dorsally and ventrally]), tentacles, respiratory trees

and gonad tubules, by dissolution in fresh bleach (concentrated sodium hypochlorite)
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followed by water rinses before being mounted on glass slides (Pawson, 1977; Massin,
1999) and examined with a compound light microscope. Nomenclature used for the
ossicle categories follows that of Pawson (1970).

Some of the illustrations of ossicles and calcareous rings, presented in the CD
attached to this thesis are based on sketches made by different authors; the remaining
ones I made from 1) my own slide preparations, 2) slides in museums, and 3) in few
cases, the scientific literature. To illustrate some species I have used some hitherto
unpublished photographs and few new photographs of preserved specimens.

At the Museum National d’Histoire Naturelle, Paris a slide collection containing
more than 3000 slides, including type material from museums around the world, was
analysed. This slide collection was made principally by Dr. Gustave Cherbonnier. The
collection also contained original preparations made by Edward Hérouard in the 1900s
(Appendix 1).

The specimens collected were deposited in the Discovery Collections,
Southampton Oceanography Centre, Southampton, England. The type specimens of the
proposed new species were deposited in the Natural History Museum, London (NHM);
the National Museum of Natural History, Smithsonian Institution, Washington, DC, USA
(USNM); the Zoological Museum, Copenhagen, Denmark (ZMC); Echinoderm National
Collection, Universidad Nacional Autonoma de Mexico, Mexico City, (ICML-UNAM).

2.5. Reproduction
2.5.1. Histology

Water must be removed from gonad tissues before it was embedded in paraffin
wax by immersing the tissue in 95% alcohol for 24hrs, then in absolute alcohol for 2hrs,
with two subsequent changes of alcohols each after 2hrs. A wax solvent (histoclear or
xylene) was used to replace the alcohol. Most solvents have the effect of raising the
refractive index of tissue, which makes them appear clear. This stage is known as
clearing. The tissues were blotted between each step and left in histoclear for at least 8
hours. The tissue was then impregnated with paraffin wax in an oven heated to 70°C, after
blotting lightly with tissue paper. The gonad was transferred from the clearing agent to

molten paraffin wax where it was left to impregnate for around 8 hours. Fresh molten wax
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was poured into a plastic mould, the tissue added and the label placed in the cover, and
then the block was allowed to set.

Prior to sectioning, the wax blocks were chilled in iced water to facilitate clean
cutting. Fine (7um) sections were floated in a water bath (40°C) to remove the creases. A
clean slide was half submersed partly in the water to remove the wax section. The

mounted sections were left on a drying rack at 37°C over night to dry before staining.

2.5.2. Staining

Slides were processed through a series of different stains, starting with removal of
the wax in Histoclear™ for 2mins. Hydration of the tissue with graded alcohol started in
100% alcohol for 1min followed by 70% alcohol for Imin. The slides were transferred to
haematoxylin and left for 5 min. After draining of excess haematoxylin, they were
transferred to a slide-washing tray and washed until sections were blue, usually after
15mins. The sections were transferred to 1% eosin for 2-4 min and rinsed in the slide-
washing tray. The tissue was then rehydrated in 70% alcohol for 2mins, 100% alcohol for
2mins, and cleared in Histoclear™ for 2mins. The slides were drained from the
Histoclear ™ solution. One or two drops of DPX were placed on the section before the

cover slip was placed on top.

2.5.3. Image analysis

Sections of gonad were examined under a dissection microscope (Leica MZ-8)
and a compound microscope (Olympus BH-2). Using a JVC video camera (TK 1280E)
and Matrox-Rainbow Runner'® PC-VCR sofware, microscope images of the gonads were
transferred to bitmap image files. In order to analyse pattern of oogenesis, the eggs within
the ovary sections were measured using Jandel Scientific SigmaScanPro™ 4 image
analysis software. Only eggs that had been sectioned through the nucleus were measured
ensuring that their maximum diameter was recorded and that each egg was only measured
once. The feret diameter of each oocyte was measured. The measure of feret diameter
gives the diameter of a fictious circular object with the same area as the object measured.
Fifty oocytes from each specimen were measured and the data for each sample were

combined.
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2.6. DNA analyses

Before finding the most successful methodology for the achievement of the
different tasks presented in this thesis, it was necessary to implement and to improve the
already described holothurian genetic techniques. This phase of experimentation required
almost 6 months.

Although fresh material was sampled whenever possible, it was necessary
sometimes to use museum material as a result of the rarity and scarcity of some
synallactid species. Genetic analyses on long-preserved holothurians specimens have
inherent difficulties, owing to the slow degradation of DNA in the presence of a fixative.
The DNA damage that occurs in preserved samples is primarily due to oxidation and
hydrolysis (Lindahl, 1993). This type of damage hinders the polymerase chain reaction
(PCR), as damaged DNA is rarely successfully amplified by PCR. Although the
probability of getting DNA amplifications from museum specimens, using conventional
DNA extraction protocol is low, a total of 198 samples were processed. 48 DNA
extractions were successful, but only 28 had the right concentration that permitted
successful sequencing. Even to veteran molecular biologists, PCR amplification often
remains a “mystery” (Palumbi, 1996). Why does one set of cycles work while others do
not? Why does one set of primers work while others do not?

The only published studies on holothurian DNA techniques are on shallow water
species (Arndt ef al., 1996). The primers used to amplify the shallow-water holothurian
mitochondrial genel6S used by Arndt ef al. (1996) were tested on the deep-sea
synallactids. Only two sets of primers from the nine presented by Arndt e al. (1996) were
successful, and in very few deep-sea holothurian specimens. Thermal cycle amplification

step proposed by Arndt ef al. (1996) was also optimised.

2.6.1. DNA extraction

17 species were screened in this thesis, 2 Bathyplotes, 5 Mesothuria, 3
Pseudostichopus, 1 Pelopatides, 2 Paroriza, 1 Benthothuria, 1 Zygothuria and the species
Isostichopus fuscus (Ludwig), which was used as an outgroup for the phylogenetic
analysis. The elasipodid species Deima validum was screened in order to evaluate the
phylogenetic relation of the Elasipoda with the Synallactidae. All samples consisted of

small slices of longitudinal muscles preserved in 99% ethanol. Some samples were
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obtained from different museums and laboratories (Appendices 1, and 2). In the case of
museum material, individuals were preserved between 2 and 10 years in 70% ethanol.
DNA was extracted through digestion of a small piece of muscle (approximately
200 mg) in 100mM Tris-HCL, pH 8.0, 1.25% SDS, and 390 ng/ul" proteinase K
(approximately 0.012% units/ul”’ of Boeghringer Mannheim, Cat. No.1373-196). These
400pl preparations were incubated for 2h at 55°C in an incubator and then a standard
phenol/chloroform-isoamyl alcohol extraction was carried out with precipitation of DNA
by 2:1 ice-cold 100% ethanol plus 1:10 3 M sodium acetate. Polymerase chain reactions
(PCR) were carried out in 20pl total volume using sterile water, and contained 160 uM
each dNTP, 10 mM Tris-HCL, pH 8.3, 40mM KCL, 2 mM MgCl,, 1 uM each primer, 1
unit Jag-polymerase, and 10 to 30ng template DNA. Amplification of specific
mitochondrial DNA fragments was accomplished by using conserved primers (Kocher ef
al., 1989) based on published sea urchin, starfish and sea cucumber sequence data (Jacobs
et al., 1988; Smith ef al.,, 1993; Arndt ef al., 1996). The primers used to amplify the 3’
end of the 16S gene and their position in the mitochondrial map of the sea urchin

Strongylocentrotus purpuratus are shown in Table 2.2 (Jacobs ef al., 1988; Arndt et al.,
1996).

Table 2.2. Oligonucleotide primers sequences used in the present study.

Primer Sequence 5’ — 3’ Mitochondrial map position Direction

(Strongylocentrotus purpuratus)

COIef ATAATGATAGGAGG[A/GITTTGG 6000-6019 Forward
COler GCTCGTGT[A/G]TCTAC[A/G]TCCAT 6692-6673 Reverse
16Sb GACGAGAAGACCCTGTGGAGC 5297-5317 Forward
16Sr ACTTAGATAGAAACTGACCTG 5710-5687 Reverse

PCR was performed either using a Perkin-Elmer 480 or a Hybaid PCR-Express
thermocycler. Products were visualized on a 1.5% agarose gel stained with ethidium
bromide. PCR products were purified with Qiagen Qiaquick PCR purification columns
(Cat. No. 28106), according to manufacturer’s guidelines. 10ul cycle-sequencing
reactions were prepared using Perkin-Elmer BigDye Terminator Ready Reaction mixes
(Cat. No. 4303152), using the manufacturers guidelines. The products of the cycle-
sequencing reactions were purified using Qiagen DyeEx Spin kits (Cat. No. 63104) and
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sequences visualised using a Perkin-Elmer ABI 377 automated DNA sequencing

machine.

2.6.2. Thermal cycle amplification

One hundred nanograms of template DNA and 25 pmol of each primer were
placed in a 7ag DNA polymerase reaction mixture, overlaid with mineral oil, and held on
low temperature (-4 °C) until the thermal cycle had reached denaturation temperature. The
amplification profile was as follows: An initial cycle of 94°C for 240 seconds (s); 50°C,
30s; 72°C, 60 s; followed by 30 cycles of 94°C, 30 s; 50°C, 30 s; 72°C, 60 s; followed by

a final cycle with a 10-min extension time. Qil overlay or hot lid worked equally well.

2.6.3. Product purification

Amplified products were separated from unincorporated primers by
electrophoresis through 1% agarose gels in a 40 mM Tris-acetate, 2 mM EDTA buffer
(1XTAE) containing 0.1 pg/ml ethidium bromide. Product bands, were visualized under
U-V light using U-V DOC System (Bio-Rad). This was to verify that the correct size
product had been amplified. PCR products were cleaned using Qiagen PCR clean-up Kit
(Qiagen).

2.6.4. Sequencing

DNA sequencing was based on the chain termination method (Sanger et al., 1977,
Hattori and Sakaki, 1986). Cycle sequencing was performed on all samples. Samples
were run on polyacrylamide gels. All samples were double checked by reverse
sequencing.

A BLAST search (Altschul ez al., 1990, 1997) was carried out in all the samples in
order to compare the sequences with similar ones already in existence within the
international nucleic acid and protein databases. In all cases the amplified DNA was

corroborated to be echinoderm-holothurian DNA.

42



F.A. Solis-Marin
Chapter Two

2.7. Phylogenetic analysis inferred from molecular characters
2.7.1. Sequence alignments

All sequences were manually entered, aligned and visualized using the Chromas
(Ver. 1.41). The IrDNA sequences were aligned using Clustal X (Ver. 1.81) program
(Higgins et al., 1992; Thompson et al., 1997) with a gap penalty of 10 and subsequently
visually inspected to improve alignment. A consensus sequence for each species was
drawn from the initial set. The consensus sequences retain the variable sites, which were
very small in number in this study. The reported sequence for Pseudostichopus mollis
Theéel (detailed in Arndt et al, 1996) (GenBank Accession number U32221) was also

included in the analysis.

2.7.2. Phylogenetic analysis

The molecular phylogenetic analysis, as well as basic statistics, were performed
using PAUP* 4.0b 10 (Swofford, 2002) version. Three methods of tree building were
used: maximum-likelihood, maximum-parsimony, and neighbour-joining. For all
methods, tree topology was evaluated by bootstrapping of the original data set. For
maximum-likelihood and maximum-parsimony a heuristic search was employed and
starting trees were always obtained by random sequence addition. Tree visualization and
drawing were carried out using TreeView version 1.5 (Page, 1996). Maximum-likelihood
was performed under the General Time-Reversible (GTR) model of base substitution. The
modeltest 3.0 (Posada and Crandall, 1998) algorithm was used to evaluate the choice of
GTR model, which produced the most significant log-likelihood values, among various
models tested. Site-specific substitution rates (SSR) and discrete approximation of the
gamma (I') distribution were used in two separate substitution rates. On GTR+SSR
analysis, substitution rates were calculated considering the structural analysis by Machado
et al. (1993), which divided the 3’end of the 16S gene into two domains: domain A, with
higher substitution rates, corresponded to sites 209-371 in my sequences. Base
frequencies, substitution rates for the six different substitution types, and relative rates for
the two domains considered, or the shape parameter for the I' distribution (a), were
estimated from the data set through maximum-likelihood, considering the topology of an

initial neighbour-joining tree.
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The estimated values were used in searches with 1000 sequence addition
replicates and in the subsequent bootstrappings, which consisted of 100 replicates with
100 sequence additions per replicate.

On maximum-parsimony analysis, gaps were considered as meaningful characters
and multistate sites on the consensus sequences were considered polymorphic. The tree
presented in Chapter Six (section 6.2.3) was found through a search with 1000 additions.
Bootstrapping of the maximum-parsimony tree consisted of 1000 bootstrap replicates.
Finally, a neighbour-joining tree was constructed from the distances calculated under the
GTR+SSR model with the same parameters used in the maximum-likelihood analysis.
The topology of the neighbour-joining tree was evaluated by 1000 bootstraps.

Different model tests were used for each phylogenetic analysis in chapters Three

and Four of this thesis. Details are given in each chapter.

2.8. Phylogenetic analysis inferred from morphology

2.8.1. The ingroup
In order to delimit the group of organisms to be analysed, the family Synallactidae

was defined by species sharing the following synapomorphies:

a) lack of free tentacle ampullae,

b) respiratory trees well developed, usually not connected with the alimentary
canal through a rete mirabile,

c) head of the stone canal usually in connection with the bodywall, sometimes
opening outwards through it,

d) Cuverian organs absent,

e) gonads in one or two tufts,

f) ossicles predominantly as tables or crosses; in some forms developed as huge,

perforated plates, with or without a trace of a spire. In certain species the

spicules are scarce and possibly may be lacking completely.
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Upon re-examination of type material, grey literature and the application of the
sensu stricto diagnosis for the family Synallactidae, after Ludwig (1894) (see Chapter
Five) 14 synallactid genera were excluded and placed in temporal incerta sedis status.
Two representatives from all 10 recognized valid genera were included in the
phylogenetic analysis inferred from morphology (excepting the monotypic genus
Hansenothuria Miller and Pawson). Type species were preferred over non-type species,
because these species are supposed to possess the representative (diagnostic) characters of
the groups concerned. However, in some cases, type species could not be used because I
lacked access to the material or they were too poorly described. In these instances, a well-

described species, certainly possessing the autapomorphies of the group concerned, was

included.

2.8.2. The outgroup

In order to root the phylogenetic tree, at least one and preferably several
outgroup(s) should be included in any analysis (Maddison et al, 1986). In the absence of a
suitable outgroup, the data for the ingroup can be used to produce an unrooted tree, which
provides valuable information, but it is usual to aim for a rooted tree (Hillis and Moritz,
1990). Ideally, the root would be the common ancestor from which all the ingroup
synallactid have descended. This common ancestor (almost) always has the best
combination of character states that places it in the unrooted ingroup tree so that it
correctly roots the tree.

One way of rooting is by traits of fossils. Regrettably, holothurian fossil taxa often
lack soft tissue preservation and hence consist mainly in skeleton relicts. It is, however,
very hard to prove if the remnants, sorted out of a larger aggregation, belong to only one
specimen. Fossils of groups closely related to the synallactids to use as outgroup are very
poor. Only one imprint of a synallactid body-type is known (Bathysynactites viai
Cherbonnier, 1976) and so far synallactid tables have been found only in Priscopedatus
triassicus from the Middle Triassic (Anisian) [250 million years] (Simms ef al., 1993).
There are no data about the internal anatomy and further comparable taxonomic
characters. The few available fossils assigned to the Synallactidae indicate that

synallactids appear to have their origin in the Mesozoic Era. However, the few available
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fossils belonging to closely-related groups makes it impossible for rooting based
exclusively on fossils.

Rather, one can reconstruct a hypothetical ancestor by combining characters from
both , 1) fossil and 2) extant, closely related, groups (ancestor rooting). It is also possible
to include one or more taxa that are assumed to be placed outside the ingroup. Choosing
outgroups is an exercise in trying to get a set of ancestral states at the base of the outgroup
taxa that most closely resemble those of the ingroup common ancestor. These character
states, permitting a correct rooting, are the plesiomophies held in common at the base of
the ingroup.

Based on morphology (Kerr and Kim, 2001) the Stichopodidae and the
Holoturiidae appear to be sisters groups to the Synallactidae, and therefore lend
themselves as good outgroups. It is recommended to include more than one outgroup taxa
as a means of testing the assumption of ingroup monophyly (Swofford et al., 1996).
Therefore, two species belonging to different holothuriid and stichopodid genera were
used as outgroups. Furthermore, the combination of distantly related genera as outgroups
possibly could give a better estimate of the character states at the base of the
Holothuriidae, than would congeners. In this study, four aspidochirotid species, each one

from two stichopodid genera and two species from one holothuriid genus, were chosen as

outgroups.

2.8.3. Phylogenetic analysis

The data matrix was analysed using PAUP* 4.0b 10 (Swofford, 2002) version.
The phylogeny was performed by the maximum-parsimony optimal criterion. The
analysis was executed under the heuristic search mode, because the larger number of taxa
computationally excluded branch-and-bound or exhaustive searching. In the heuristic
mode the following options were retained: only best trees were kept; starting tree(s) were
obtained via stepwise addition; where multiple starting trees existed, only the best trees
were swapped; addition sequence of 1000 random replicates with random trees (not just
addition sequence) were used as starting points, holding one tree at each step during
stepwise addition; tree bisection-reconnection (TBR) was used as branch swapping
algorithm; the steepest descent was not in effect; accelerated transformation optimisation

(ACCTRAN) was used; collapse branches (creating polytomies) were used if maximum

46



F.A. Solis-Marin
Chapter Two

branch length is zero; topological constrains were not enforced; multiple trees were
saved; when saving N best trees, only best trees were swapped; multistate characters were
interpreted as polymorphism. In the analysis, all characters were run unordered.
Differential character weighting was applied as it is presumed that not all characters had
the same informativeness and predictive value. As such, successive weighting based on
the rescaled consistency index (rc), with base weight 1, was executed in PAUP*. The re
represents the consistency index (ci) multiplied by the retention index (ri). The ci is
commonly estimate the degree of homoplasy and is equal to the minimum possible length
of tree/actual tree length. However, the ri is a better estimate of homoplasy, since ci dos
not remove autopomorphies (which have an automatic ci of 1.0) as is highly correlated
with the number of taxa in a data set (Darly and Tassy, 1993). Rooting the tree was done
by the use of several outgroup taxa considered to be sister groups with the assumption of
ingroup and outgroup monophyly.

Bootstrapping using 500 replicates, under a simple heuristic search, assessed data
quality in phylogenetic studies using parsimony. Examination of data quality was also
carried out by evaluation of the number of most-parsimonious trees. To distinguish
phylogenetic signal from random noise, the skewness of tree-length distribution (g)),
generated from 10° trees randomly produced from the data was examined. This way, the
hierarchical structure could be measured to test if they significantly differ from random
variation among taxa. Among the most parsimonious trees, the best tree was extracted by

either the 50% majority-rule consensus or the strict consensus rule.
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Chapter Three — Molecular taxonomy, distribution and reproductive biology in the
genera Mesothuria and Zygothuria (Holothuroidea: Synallactidae) from the North

Atlantic Ocean

3.1. Introduction

At bathyal depths in the North Atlantic Ocean, one of the most speciose
megabenthic taxa are the aspidochirotid sea cucumbers. Among these, members of the
family Synallactidae Ludwig, 1894 have been one of the least-studied large taxa among
the deep-sea cucumbers. In particular, no major revision of the genus Mesothuria Ludwig,
1894 has been undertaken since Deichmann (1930) and Heding (1942a).

It seems very likely that the genus Mesothuria in its modern understanding is a
combination of at least two genera. Heding (1940) divided Mesothuria into six subgenera,
but with little morphological support and differentiated only by a key. Much more tenable
seems to be the position of Deichmann (1930, 1940, 1954), who, besides Mesothuria,
supported also the genus Zygothuria Perrier, 1898. The latter genus, as suggested by
Perrier (1902) and Deichmann (1930), includes Z. connectens Pertier, 1902, Z. candelabri
(Hérouard, 1923), Z. lactea (Théel, 1886ab), Z marginata (Sluiter, 1901) and Z.
thomsoni (Théel, 1886a). The two genera exhibit a major difference in the arrangement of
ambulacral appendages (Perrier, 1902). Mesothuria has a cylindrical body, with the
ventral side usually somewhat flattened, with papillae all over the body, uniformly
covering the dorsal side and being small and equal size, or much smaller dorsally. In
contrast, Zygothuria is flat or has a well-differentiated sole, with tubefeet arranged
exclusively in a single or double row along ventrolateral ambulacra, placed on the margin
of the sole, which often forms a fringe. Tubefeet are widely spread and may be quite big;
dorsal papillae are minute, not numerous, irregularly distributed or arranged in two simple
rows and sometimes totally absent. Further differences described in this chapter include
the structure of the calcareous ring, which has radial segments of triangular shape in
Zygothuria and rectangular radial segments in Mesothuria. However, the structure of the
calcareous ring is unknown for most of the species in these genera and this character
requires further study. There is a difference between Mesothuria and Zygothuria also in

the shape of the bodywall ossicles. In the present chapter I shall use the name Zygothuria
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following Perrier and Deichmann emphasizing, however, that the definition of genus in
synallactid is not fully resolved. Despite their ecological importance, many aspects of the
biology of species of the genera Mesothuria and Zygothuria are poorly understood and
there is still much debate about fundamental issues, such as systematics, population
dynamics and reproduction. In the present chapter, the systematic relationships of the
synallactid genera Mesothuria and Zygothuria are analysed through partial sequences of
the 16S mitochondrial region. The status of Mesothuria sp.1, usually identified in the
North East Atlantic records as M. verrilli (Théel, 1886a), is also investigated.
Morphological variation within the ossicles of M. verrilli and Mesthuria sp.1 indicates
that these Atlantic forms are different species. M. bifurcata Hérouard, 1901 was added to
the molecular analysis in order to increase the number of ingroup species in the study on
the monophyly of the Mesothuria species. The description of the life history biology of
Mesothuria sp. 1 and Z. lactea, both deep-sea species from the North East Atlantic, is also

given.

3.2. Materials and methods

Almost all specimens were obtained from the North Atlantic Ocean, in the
Porcupine Seabight and on Porcupine Abyssal Plain to the southwest of Ireland, at
depths ranging from 1140 to 1980m (Tables 3.1 and 3.2). The collecting was made
between the years of 1978 and 1985, with either the 10S epibenthic sledge, semi-balloon
otter trawl with a 14m footrope or Granton trawl. Rice ez al. (1991), Rice (1992, 1996,
1997), Sibuet (1999), Billett (2000) and Billett and Rice (2001) provide descriptions of
the study area.

The collection, sorting and fixation methods are referred in Chapter 2, section
2.1 of this thesis. In addition to North East Atlantic specimens, the stichopodid species
Isostichopus fuscus Ludwig was collected by SCUBA diving from a shallow water
locality (15m depth) in the East Pacific, off the coast of Jalisco, Mexico (21°N) in the
year 2000. The mitochondrial DNA sequence obtained from this species was used as the
outgroup in the molecular analysis. Mesothuria bifurcata specimens were collected in
two sites at the Antarctic (58° 44.35' S, 25° 10.48° W and 65° 20.15° S, 54° 14.35' W) at
752.7 and 1122m respectively, in March 2002.
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Supplementary material for DNA comparison was obtained from museum
specimens. 10 specimens of the species Mesothuria multipora Clark from the Pacific
Ocean were obtained from the Museum National d’Histoire Naturelle, Paris (MNHN).
Specimens had no catalogue number, but were collected by the R/V 4lis MUSORSTOM
7, St. DW620, Pacific Ocean, 12° 34’S, 178° 11’W, 28 May 1992, 1280m depth. These
specimens have been kept in 70% alcohol since they were collected (Nadia Ameziani,
Museum National d’Histoire Naturelle, Paris. Pers. Comm.).

Additional material for this taxonomic study was obtained from Harbour Branch
Oceanographic Institution (HBOI), the Museum of Comparative Zoology MC2),
Harvard University and the National Museum of Natural History, Smithsonian Institution,

Washington, DC (USNM). Other museum abbreviations are listed in section 2.3 (see
Table 2.1).

Table 3.1. List of stations where Zygothuria lactea was collected by RRS Discovery and
RRS Challenger. Gear abbreviations= BN: I0S Epibenthic Sledge; OTSB: Semi Balloon
Otter Trawl, GT: Granton Trawl. (*): Samples used in biomass estimation.

Station Date Lat. (N) Long. (W) Depth (m) Gear
975443 09-04-78 51°08.9° 12°01.6° 1484 BN
9779#1 24 -04-78 49°21.5> 12°49.3 1140-1398 BN
50509#1 03-06-79 51°14.1° 13°17.8° 1500 OTSB

5060242 01-07-79 51°01.1” 13°07.0° 1955-1980 BN

5060243 02-07-79 51°06.8° 13°20.6° 1815-1939  OTSB
1011148  09-09-79 49°32.6° 13°06.5° 1630-1640 BN

50703#1  13-10-79 49°33.0° 12°34.0° 1625-1575 OTSB
50715#1  21-10-79  51°19.5° 12°57.0° 1635-1720 OTSB
50902#1 07-11-80 51°17.4° 12°47.0° 1325-1866 OTSB
5100941  02-10-81 51°34.2° 12°54.2° 1474-1485 OTSB
51113#2  30-10-81 51°152° 13°12.3> 1530-1540 BN *
51307#1  19-02-82 51°26.4° 13°01.4> 1415-1490 OTSB
51308#1 20-02-82 51°13.0° 13°02.0° 1715-1770 OTSB
51403#1  26-03-81 51°36.77 12°59.6° 1319-1333 BN *
5140741 27-03-81 51°19.5° 13°05.0° 1489-1511 BN (*)
5140941 28-03-81 51°16.5° 13°00.2° 1651-1717 OTSB
51419#1 01-04-81 51°19.0° 13°054> 1488-1529 OTSB
S1708#2  13-04-83  51°31.1° 12°59.0° 1430-1470 BN (%)
51708#2  21-08-84 51°36.0° 13°00.0° 1600-1682 BN

52203#1 16-06-85 51°25.6° 13°00.5° 1521-1531 BN

52211#1 18-06-85 51°10.2° 13°15.0° 1693-1738 BN
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Table 3.2. List of stations where Mesothuria sp. 1 was collected by RRS Discovery and
RRS Challenger. Gear abbreviations= BN: 10S Epibenthic Sledge; OTSB: Semi
Balloon Otter Trawl, GT: Granton Trawl.

Station Date Lat. (N) Long. (W) Depth (m) Gear

9754#3 09-04-78 51°08.9> 12°01.6° 1484 BN
9774#1 21-04-78 51°50.0° 12°01.0° 1494-1572 OTSB
50519#1  08-06-79 49°29.77 12°46.2> 1431-1465 OTSB
50611#1  08-07-79 51°17.5° 13°17.8° 1365-1415 OTSB
50703#1  13-10-79 49°33.0° 12°34.0° 1575-1625 OTSB
50713#1  20-10-79 51°22.0° 13°18.0° 1245-1275 GT
51009#1  02-05-81 51°342° 12°542° 1474-1485 OTSB
51023#1  09-05-81 49°30.1° 12°10.8° 1270-1275 OTSB
51307#1  19-02-82 51°26.4° 13°01.4° 1415-1490 OTSB
51314#1  22-02-82 49°31.8° 12°29.1° 1425-1455 OTSB
51419#1  01-03-81 51°18.0° 13°06.0° 1488-1529 OTSB
51708#2  13-04-83 51°31.1° 12°59.0° 1430-1470 BN
52017#1  21-08-84 51°31.8° 12°58.0° 1457-1472 BN

3.2.1. Identification

Prior to the DNA analysis, taxonomic identification was carried out based on
original descriptions and keys (Perrier, 1902; Hérouard, 1902, 1923; Deichmann, 1930)
using external and internal anatomy. Ossicle preparations, and morphological methods are
given in Chapter 2 of this thesis.

The specimens were deposited in the collections of the Natural History Museum,
London (NHM); the National Museum of Natural History, Smithsonian Institution,
Washington, DC, USA (USNM); the Zoological Museum, Copenhagen, Denmark
(ZMC); Echinoderm National Collection, Universidad Nacional Autonoma de Mexico,
Mexico City, (ICML-UNAM) and the Discovery Collections, Southampton
Oceanography Centre, UK.

3.2.2. Molecular analysis

DNA extraction, polymerase chain reactions (PCR) (preparation and
performance), PCR purification, cycle-sequencing reactions and DNA sequencing
methods are referred in Chapter 2 of this thesis.

The oligonucleotide primers used for the molecular analysis are shown in Table
3.3.
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Table 3.3. 16S Oligonucleotid primers sequences used in the present study*.
Primer Sequence 5’ — 3’ Mitochondrial map position Direction
(Strongylocentrotus purpuratus)
16Sb GACGAGAAGACCCTGTGGAGC 5297-5317 Forward
16Sr ACTTAGATAGAAACTGACCTG 5710-5687 Reverse

* Primers were designed by Arndt e al. (1996).

The genetic variation of the genera Mesothuria and Zygothuria was analysed
using partial 16S sequence with all bases included. The analysis sample set comprised the
16S sequences for M. multipora, Mesothuria sp. 1, Zygothuria lactea and Isotichopus
Sfuscus (Table 3.4).

These represent consensus sequences determined from the original sequence data
set of 18 individuals in which all identical sequences were collapsed. The 16S amino
acid sequence was used for the best possible alignment. All sequences were aligned

using Clustal X (Thompson et al., 1997).

Table 3.4. DNA sequences used in the molecular analysis.

Species No. Seqgs. GenBank Accession No.
Mesothuria multipora Clark, 1920 4 AY153485, AY153486,
AY 153487, AY153488
Mesothuria bifurcata Hérouard, 1901 2 AY153492, AY153493
Mesothuria sp. 1. 5 AY151131-35
Zygothuria lactea Perrier, 1898 3 AY 153489, AY 153490,
AY 153491
Isostichopus fuscus Ludwig, 1875 6 AY 153494, AY153495,
AY153496, AY153497,
AY153498, AY 153499

Phylogenetic analysis was performed on the nucleotide sequence data. Non-
parametric bootstrap analysis was performed using Maximum Parsimony (MP) and
Maximum Likelihood (ML) optimal criteria using PAUP* 4.0b 10 version (Swofford,
2002). Starting trees were obtained by neighbour joining for ML and via stepwise
addition with random sequence addition for the MP analysis. In the Maximum Parsimony

analysis, gaps were treated as missing, and of the 238 characters only 47 were parsimony-
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informative. For all optimal criteria a heuristic search was employed using the tree-
bisection-reconnection (TBR) branch-swapping algorithm.

The best model of evolution for Maximum Likelihood analysis was determined by
hierarchical likelihood ratio tests (hLRTs) using Modeltest v3.0 (Posada and Crandall,
1998). The General Time Reversible model with I (GTR + G) was chosen above others as
the most suitable model of evolution for the data set. The estimations from the hLRTs
were used to refine the optimal criteria settings as follows; the proportion of invariable
sites (G) was set to 0.6776, gamma distribution (the distribution of rates at variable sites)
was assumed equal, the substitution model was based on the rate matrix (Table 3.5) and,
base frequencies were set to A =0.2946, C = 0.1806, G = 0.2295 and, T = 0. 2953.

For all searches, starting branch lengths were obtained using Rogers-Swofford

approximation method and a molecular clock was not enforced.

Table 3.5. Nucleotide substitution rate matrix.

A C G T
A - 0.96 3.72 5.95
- 0.01 8.70

- 1

The methods to study population structure and reproduction were described in

Chapter 2. For species collected in abundance, Zygothuria lactea and Mesothuria sp. 1,

oocyte size/frequency data were obtained.
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3.3. Results
3.3.1. Systematics

Family Synallactidae Ludwig, 1894
Genus Mesothuria Ludwig, 1894

Mesothuria Ludwig, 1894: 31; Perrier, 1899: 244; 1900: 301; 1902: 301-304; Hérouard,
1906: 6-7, Fisher, 1907: 679; Mortensen, 1927: 379; Deichmann, 1930: 91; Heding,
1940: 331-334; Thandar, 1992: 161; Madsen & Hansen, 1994: 76; Rowe, 1995: 330.
Allantis Hérouard, 1902: ?

Mesites Ludwig, 1893a: 2; 1893b: 179.

Diagnosis (modified from Hérouard, 1906 and Deichmann, 1930). Body usually nearly
cylindrical, slightly attenuating toward both ends, without marginal fringe. Ventral side
usually somewhat flattened; dorsal side more or less uniformly covered with small
pedicels, which are small and equal size, or much smaller dorsally, where they are
sometimes hardly visible. Tube feet with sucking disc scattered over the entire body.
Usually twenty tentacles, very occasionally varying between 18-22. No tentacle ampullae;
stone canal attached to bodywall without penetrating it. Mouth terminal, anus ventral, or
subventral, without special arrangement. Calcareous ring with rectangular radial
segments. Gonads only on the left side of the dorsal mesentery, in a single tuft. Ossicles
of the bodywall are quadriradiate tables with the central primary cross elevated from the

disc.

Type species. Mesothuria multipes Ludwig, 1894, by monotypy.
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Mesothuria verrilli (Théel, 1886a)
Figures 3.1; 122-123 in CD

Holothuria verrilli Théel, 1886a: 6 (passim).

Mesothuria verrilli (Théel, 1886a); Deichmann, 1930: 93-94, plate 6, figs. 1-8; 1940:
192-193; 1954: 385.

Non Holothuria verrilli Théel, 1886a; Marenzeller, 1893b: 7-9, Pl. 1, fig. 2, P1. 2, fig. 2.
(=M. intestinalis).

Non Mesothuria verrilli (Théel, 1886a); Ostergren, 1896: 345; Perrier, 1902: 307-312, P1.
16, figs. 22-31; Hérouard, 1923: 10-13; Mortensen, 1927: 381-382; Grieg, 1932: 4.

Non Allantis intestinalis var. verrilli (Théel, 1886), Hérouard, 1902: 18-21, Pl. 1, figs.
306.

Mesothuria gargantua Deichman, 1930: 95-96 (passim).

Diagnosis (after Théel, 1886a and Deichmann, 1930). Body cylindrical, with relatively
thick skin, the outer layer often much wrinkled. Maximum known size in preserved
specimens 300mm. Mouth almost terminal, slightly directed ventrally, anus terminal.
Pedicels minute, in large specimens hard to observe, easier to observe near the ends,
especially on the ventral side near the anus; they are uniformly distributed, being absent
only on the anterior part of ventrum. Tentacles about 20, relatively small, usually
retracted. Ossicles are quadri-radiated tables (Figures 3.1 D-E), similar on dorsal and
ventral sides, except in the young specimens, <80 mm, having ventral ossicles slightly
smaller than dorsal. The main form of ossicles in the type specimen have a rounded or
almost square disk (Figure 3.1, A), 0.10-0.12mm in diameter, surrounded by a single
crown of 10-12 marginal holes, rarely up to 14, or as little as 8; holes almost equal in size,
however, some variations exist (Figures 3.1, A-C). Spire low, usually about a half of a
disk diameter in height, but up to the size of the diameter, built up of four rods and 1,
more rarely 2, transverse beams; it terminates with 4 distinct teeth, often spinous at the
ends (Figures 3.1, D-E). In the tubefeet a small plate is usually present and a number of
abortive small tables with disk resorbed and often a partly resorbed spire.

Remarks. Considerable variation exists in the form and size of ossicles between larger

and smaller specimens (Table 3.6). Compared to the ossicles in the type specimen, the
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70mm long specimen has ossicles with an obviously smaller disk diameter and the
number of marginal holes is fewer. In addition, ossicles on the ventrum are smaller than
on the dorsum in the 70mm specimen. This difference gradually disappears with size and
is not observed in animals >90mm long. Dorsal ossicles are also known to exceed ventral
ones in size as in M. intestinalis (Heding, 1942a). No major differences were found
between the 90mm long specimen and the type specimen, whereas in the larger specimens
(>250mm) 1) the ossicles diminished in size and, 2) the number of marginal holes
decreased to 8. Thus, there seems to be a peak state in this species of both in ossicle size
and shape in individuals ca. 100-200mm long. The size series available in this study was
not enough to establish a precise animal size relationship at which the “peaking” of
ossicles size occurs. In smaller specimens ossicles in general are of “mature” type, but
smaller. In the largest specimens (250-300mm long), disks and spires are partly resorbed,
teeth of the spire are short and smooth, relative size of holes diminishes and ossicles are

more robust than in smaller individuals (Deichmann, 1930).

Table 3.6. Age variation of ossicles in Mesothuria verrilli.

Preserved Ossicle Number of Material source

specimen disk diameter marginal holes

length (mm) (mm)

70 0.08-0.11 (dorsal) 8-10 Type series, MCZ cat. No. 450*
0.08-0.09 (ventral) 8-10 Type series, MCZ cat. No. 450*

90 0.10-0.12 9-11 Type series, MCZ cat. No. 450*

230 0.10-0.12 10-12 Holotype, MCZ cat. No. 448*

250-300 0.08-0.09 8 Deichmann, 1930

* Type series. Holotype in bold. (Gebruk, unpublished information).

Type material. Holotype, MCZ Cat. No. 448, Type series, MCZ Cat. No. 450, 2
specimens, (TL: 70 and 90mm).

Type locality. Off Ambergris Cay, Belize, former British Honduras, 1100m (after
Gebruk, unpublished. information).

Other material examined. USNM E16547, 1 specimen (TL: 180mm, w: 50mm), Alvin
St. 697 North Atlantic Ocean, Bahamas, Great Bahama Bank, 23° 54’N, 77° 10°W, 1337-
1355m, Jan 1977, 1d. by Pawson; USNM E46781, 1 specimen (TL: 210mm, W: 40mm),
Oregon II St. 11242 North Atlantic Ocean, Caribbean Sea, Colombia, North of Gulf of
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Morrosquillo, 10° 10°N, 76° 14°W, 1097m, 5 Nov 1970, Id. by Pequegnat, W. E. See also
appendix 1, Table 40.
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Figure 3.1. Mesothuria verrilli (Théel, 1886). Dorsal ossicles from type specimen (MCZ cat. No. 448). A-C tables disks; D-
E, spires. Scale bar 0.06mm for A-C; 0.1mm for D-E. (Gebruk, unpublished drawing).

Remarks. As previously indicated (von Marenzeller, 1893b; Perrier, 1902; Deichmann,

1930) the original description of M. verrilli (Théel) includes under this name at least two

to three species of Mesothuria, namely gargantua and possibly infestinalis. This has

57



F.A. Solis-Marin
Chapter Three

resulted in confusion with the name “verrilli”. The original morphological description of
M. verrilli was based on a 110mm long specimen “dredged at St. Vincent”, corresponding
apparently to M. gargantuan Deichmann, 1930. Ten other specimens from the type series
were sampled from different localities in the Caribbean. A specimen from the west
Caribbean, off Ambergris Cay, 230mm long, was later recognized as the type for M.
verrilli (Deichmann, 1930). In the description of variation of ossicles by Théel, some
characters correspond to M. verrilli (“.. in two of the specimens from Dominica, the spire
often, but not always, terminates in four smooth teeth”), and others to M. infestinalis (“..in
others, for instance those from Barbados and Grenada, the top of the spire has a very
irregular aspect, from numerous longer or shorter teeth, which are placed not only round
the opening of the top itself, but also on a cross-like rod which covers the opening™).

In addition to the poorly described characters of ossicles, the type description
lacks illustrations of ossicles, and therefore the name “verrilli” was widely used later by
von Marenzeller, Perrier and others for the specimens from the East Atlantic having a
spire with four smooth teeth. The difference, however, between M. verrilli from the
Caribbean and all the East Atlantic specimens attributed to this species is obvious and is
discussed in detail under Mesothuria sp. 1.

A number of specimens from the Mediterranean and off the Azores described as
Allantis intestinalis var. verrilli (Hérouard, 1896, 1902), and attributed later to M. verrilli
(Perrier, 1902; Deichmann, 1930), most likely belong to M. intestinalis. This follows
from the number of circles of holes on the disks, which may reach 3-4 according to
Hérouard, and the size of disks reaching 0.137mm in diameter in juveniles, unknown for
M. verrilli, even in the youngest specimens. The illustrations of ossicles given by
Hérouard (1902) are quite confusing, presenting only one extreme type of ossicle from
the range of variation typical for M. intestinalis, and this extreme type resembles M.
verrilli.

In view of the confusion with the name verrilli, all other records of this species in
the West Atlantic, not provided with morphological details, cannot be considered reliable.
These records include samples off the Bahamas (Pawson, 1982), the Gulf of Mexico
(Miller and Pawson, 1984) and records from the Caribbean (Suchanek, ef al., 1985). If
the last record corresponds to true M. verrilli, this would increase the bathymetric limit of

this species to 3720m.
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Relationships. The species is most closely related to Mesothuria sp. 1. Details are given

under Mesothuria sp. 1.

Geographic distribution. Reliable records in the Caribbean (Figure 3.2). Type locality,
as indicated by Deichmann, off Ambergris Cay (Belize, former British Honduras), depth
1100m. Distribution data in the eastern and western Atlantic for M. verrilli may definitely

belong to Mesothuria sp. 1.

Bathymetric distribution. Reliable bathymetric range from 700 to 1800m, but may be

deeper.

/7/\ M. verrill
N\s M. milleri

Figure 3.2. Distribution of Mesothuria verrilli and Mesothuria sp. 1. (Gebruk, unpublished information).
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Mesothuria sp. 1.
Figure 3.3.

Holothuria verrilli Théel, 1886a; Marenzeller, 1893b: 7-9, PL. 1, fig. 2, PL. 2, fig. 2.
Mesothuria verrilli (Théel, 1886); Ostergren, 1896: 345; Perrier, 1902: 307-312, Pl. 16,
figs. 22-31; Hérouard, 1923: 10-13; Mortensen, 1927: 381-382, fig. 224: 4-5; ?Grieg,
1932: 4.

Non Mesothuria intestinalis (Ascanius, 1805), Koehler, 1896: 106; Ludwig, 1901: 138.

Diagnosis. Body elongated, cylindrical; skin thick but not wrinkled, except in some large
specimens. Maximum known size 200mm (preserved). Mouth and anus terminal. Pedicels
minute, all over the body, may be absent on the anterior part of the ventrum and always
concentrated in the posterior Y section of ventrum. Tentacles 19-22, relatively small,
often retracted. Ossicles are quadriradiate tables, almost similar on dorsal and ventral
side. In holotype disks are rounded, 0.07-0.09mm in diameter, surrounded by a single
crown of 8 marginal holes, rarely 9, equal in size (Figures 3.3 A-B). Disks with more
narrow holes (Figure 3.3 C) are common on ventrum, but occasionally occur on dorsal
side too. Spire tall, its height approximately equal to the diameter to the disk, built up of 4
rods and always 2 transverse beams; it terminates with 4 teeth, usually smooth (Figures
3.3 F-G). In the tubefeet small terminal plates and abortive tables are common. Radial
segments of the calcareous ring have processes directed anterior-laterally, resembling

“wings” (Figure 3.3 J). General outline of the radial pieces is nearly rectangular.

Remarks. Some variation exists in the size and form of the ossicles between larger and
smaller specimens and these data are presented Table 3.7. The longest specimen from
more than 200 examined was 180mm (preserved length). Disk diameter is slightly greater
in the larger >100mm long specimens, compared to smaller 30-80mm long holothurians.
The number of marginal holes increased slightly in larger specimens. There is no major
difference between 110 and 180mm long specimens. Ossicles in the bigger specimens are
usually more irregular and have lower spire and shorter teeth (Figures 3.3 D-E, H-I). No
resorbtion of ossicles occurs in the bigger animals is observed unlike M. verrilli (Gebruk,

unpublished information).
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Material examined. See appendix 1, Table 31; appendix 2, Table 7.

Type Material. Holotype, NHM 2002.979 (80 mm long); Paratypes, NHM 2002.980-
981, all measurements are in mm (2 specimens, TLp:=107, TLyin=83, Wmax=23,

Whin=19); USNM (2 specimens, TLmax=149, TLmin= 111, Wiax= 25, W= 20); ZMUC
(1 specimen, TL=124, W= 30); ICML-UNAM-5.131.0 (1 specimen, TL=153,W= 39).

Type locality. North East Atlantic Ocean, 51° 31.1’N, 12° 59.0°'W, RRS Discovery St.
51708#2, 1470-1430m, 13 Apr 1983.

Table 3.7. Variation of ossicles according to specimen size in
Mesothuria sp. 1.

Preserved Ossicle Number of Material source
specimen disk diameter marginal holes

length (mm) (mm)

36 0.06-0.08 8 51708#2

50 0.07-0.09 8 5051941

80 0.07-0.09 8-9 51708#2

110 0.08-0.10 8-10 51708#2

180 0.08-0.10 8-10 9754#3

(holotype in bold; several specimens (3-5) of each size class have been examined, except for a

single 180mm long specimen) (Gebruk, unpublished information).
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Figure 3.3. Mesothuria sp. 1. Ossicles (A-G) and segments of calcareous ring (J) from holotype specimen (RRS Discovery
St. 51708 #2). A-E disks; F-G, spires. Scale bar 0.04mm for A-E; 0.06mm for F-G. (Gebruk, unpublished drawing).
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Remarks. Owing to the poor original description of Mesothuria verrilli, a species
common in the Caribbean, this name has been widely used for similar looking
holothurians from the eastern Atlantic. Additional problems arise because of the similar
type of ossicles found in the older specimens of two species. However, the difference in
ossicles between younger specimens (<100mm in the preserved state) of the two species
is obvious.

In specimens smaller than 100mm, M. verrilli ossicles have, 1) a disk diameter of
0.10-0.12mm, 2) 10-11 marginal holes, and 3) a low spire, often with only 1 transverse
beam and with squarish outline. Specimens of Mesothuria sp. 1 of the same size 1) a disk
about 0.08mm in diameter, 2) usually 8 marginal holes, 3) a more regular, circular outline
of the disk, and 4) a relatively tall spire always with 2 transverse beams. Ossicles
diminish in size in the larger specimens (>200mm) of M. verrilli. This trend is also known
in M. intestinalis (Ostergren 1896). However, the ossicles get slightly bigger in the larger
specimens of Mesothuria sp. 1. In M. verrilli the number of marginal holes decreases
from 10-12(14) in specimens about 110mm long to 8 in specimens >250mm, whereas in
Mesothuria sp. 1 this number increases from 8 in 80mm-long specimens to 8-10 in
110mm specimens, and remains the same in specimens up to 180mm long. This is about
the maximum size for this species in the preserved state. Finally, in M. verrilli ossicles
reach their maximum size in ca. 200mm long specimens and then significantly diminish
in the older animals, whereas in Mesothuria sp. 1 which is relatively smaller, no peak
state and consequent regression could be distinguished. The tables are slightly larger in
100mm animals. These two different trends result, however, in very similar types and
sizes of ossicles in both species in specimens >100mm long in Mesothuria sp. 1 and
>200mm long in M. verrilli (both preserved state).

Different trends related to specimen size (age) in M. verrilli and Mesothuria sp. 1
help to recognize the latter in the descriptions of von Marenzeller, Perrier, Ostergren,
Hérouard and Mortensen. Thus, von Marenzeller indicate the disk diameter 0.07-0.09mm
for 110mm long specimen (preserved). Disks having 0.08mm in diameter with 8 marginal
holes are very clearly described as dominant and illustrated by Perrier, who pointed out
the similarities between his specimens and those of Hérouard. The description provided
by Mortensen (1927) is uncharacteristically poor, but the ossicles he illustrated, having a

tall spire with smooth teeth, indicates Mesothuria sp. 1. As a result of the confusion of M.
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verrilli with M. intestinalis, as pointed out by Deichmann (1930), in some earlier
publications, the latter name was often used for specimens with the characters of M.
verrilli (Koehler, 1896; Ludwig, 1901). Owing to similar types of ossicles in the large
specimens of two species, earlier identifications of these holothurians are not always
reliable. This is especially true when the illustrations of ossicles and their details, e.g.
size, are missing (Koehler, 1896, Ludwig, 1901; Grieg, 1932). Additionally, age
variations of ossicles were not recognized earlier. Hence from the literature it is not
always clear the size of the animal to which certain ossicles relate, also making doubtful
some old descriptions. I cannot exclude the occurrence of either species both in the West

and East Atlantic, although, there is no absolute evidence at present.

Relationships. On the basis of morphology, Mesothuria sp. 1 is most closely related to
M. verrilli. The major differences between the two include 1) ossicles being bigger, given
the same size of specimens, in M. verrilli (except in big animals), 2) disks with more

marginal holes, 3) spire relatively smaller and 4) teeth often spinous.

Trends of ossicles variation with body length. In M. verrilli ossicles grow slightly
throughout life, reaching a peak size ca. 200mm long animals and then diminishes
significantly. In Mesothuria sp. 1 ossicles get slightly bigger in the specimens >100mm

long.

Geographic and bathymetric distribution. The distribution range is not known with
certainty, partly as a result of confusion with the name “verrilli” and close similarity
between large specimens of M. verrilli and Mesothuria sp. As discussed above, a strong
case can be made that all previous records of M. verrilli in the East Atlantic correspond to
Mesothuria sp. 1 (Figure 3.2). If true, then this species is widely distributed in the north
northeast Atlantic: off northwest Africa, the Canary Islands (Perrier, 1902; Grieg, 1932)
the Azores (Hérouard, 1902, 1923; Perrier, 1902), the Bay of Biscay (Koehler, 1896;
Perrier, 1902) the Porcupine Seabight (Mortensen, 1927, plus present material), Goban
Spur, Rockall Trough (Harvey et al., 1988), off British Isles, the Azores, the Canaries
Islands and Morocco (Perez ef al., 1984). The bathymetric range of this species based on

the literature is from 550m off northwest Africa (Perrier, 1902) to 4255m off the Azores

/
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(Perrier, 1902). Perrier, however, was uncertain about two records deeper than 4000m, the
lower limit then being 3018m off the Azores (Hérouard, 1923). In the Porcupine Seabight
this species is found most commonly between 1430m and 1530m (82% of the specimens
from the Porcupine Seabight material, detailed distribution displayed in Billett, 1988).
Owing to confusion with the name “verrilli”, as M. verrilli in the West Atlantic, the
records in the East Atlantic not supported by morphological details (2100m in the Bay of
Biscay, Sibuet, 1977) are not reliable.

Mesothuria bifurcata Hérouard, 1901
(Figures 54-58 in CD)

Mesothuria bifurcata Hérouard, 1901: 40; 1906: 4-6, Pl. 2, fig. 3; Jangoux & Massin,
1986: 84 (list); O’Loughlin et al., 1994: 553-554; O’Loughlin, 2002: 313, 315.
Mesothuria (Mesothuria) bifurcatata Hérouard, 1901: 40; Heding, 1940: 333; 1942a: 8,
textfig. 7, figs. 1-6.

Diagnosis: (after Hérouard, 1901 and O’Loughlin, 2002). Body subcylindrical, rounded
anteriorly, slightly tapered posteriorly; flattened dorso-ventrally. Mouth ventral, anus
posterior. Bodywall thick, firm, flexible; up to 20 peltate tentacles. Ambulacral tubes in
two rows, in each radius, except in the medium-ventral radius where there are 2 small
tubes. Latero-ventral radius with tubefeet. Very small tubefeet scattered dorsally,
laterally, few ventrally, absent midventrally. Calcareous ring solid, lacking posterior
prolongations, radial plates as high as wide with anterior V-shaped notch, interradial
plates at least twice as wide as high. Gonad tubules with muitiple branching. Respiratory
trees well developed. Ossicles, tables, disk with six holes, column with three stems

extremes divergent ending in simple forks.

Material examined. See appendix 1, Table 20; appendix 2, Table 3.

Type material. Holotype, IRSNB Cat. No. IG 10131.
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Type locality. Faubert I, St. 2. Western Antarctica, Bellingshausen Sea, 71° 14’S, 89°
14> W, approximately 800m (depth estimated from given latitude and longitude by
O’Loghlin [2002]), 12 May 1898. Specimen in poor condition. No ossicles were found by
O’Loghlin (2002).

Geographic distribution. Antarctic species. Heding (1942a) record one specimen of this

species at the North West Atlantic (/ngolf St. 18, 61° 44°N, 30° 29°'W, 2337m).

Bathymetric distribution. 320-2337m (Heding, 1942a; O’Loughlin, 2002).

Genus Zygothuria Perrier, 1898

Zygothuria Perrier, 1898: 1665; 1899: 245-246, 1902: 321-322; Deichmann, 1930: 108.

Diagnosis (modified from Perrier, 1902). Body ovoid, flattened, but with a well-
differentiated sole; integument often wrinkled. Tubefeet arranged exclusively in a single
or double row along ventrolateral ambulacra, placed on the margin ofi the sole, which
often forms a fringe. Tubefeet are widely spread and may be quite big; dorsal papillae
minute, not numerous, irregularly distributed or arranged in two simple rows and
sometimes totally absent. 20 tentacles, rarely 13-19; no tentacle ampullae; madreporite
placed close to bodywall, without penetrating it. Mouth ventral or terminal, anus terminal,
without special arrangement. Calcareous ring, with triangular radial segments. Ossicles of

the integument tri-radiate tables.

Type species. Zygothuria lactea (Théel, 1886a) designated by Hérouard (1902).
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Zygothuria lactea (Théel, 1886a)
Figures 3.4, 3.5.

Holothuria lactea Théel, 1886a: 6-7: 1886b: 183-184, P1. 9, fig. 15.

Mesothuria lactea (Théel), Sluiter, 1901; 25; Hérouard, 1902: 21-23, PI. 1, figs. 17-19;
1923: 13-15, P. 4, figs. 1-3; Mortensen, 1927: 382-383 (partim), fig. 227.

Mesothuria (Zygothuria) lactea (Théel), Heding, 1940: 340-341, fig. 7.

Mesothuria (Zygothuria) lactea lactea (Théel), Heding, 1942a: 9-10, fig. 9.

Mesothuria lactea (Théel), Perrier, 1902: 322-327 (partim), Pl. 17: 1-6; Deichmann,
1930: 108-111, PL 8, figs. 8-9; 1940: 190-191; 1954: 386.

Diagnosis (modified from Deichmann, 1954). Body oval, rather flat, marginal fringe
present, ventral surface evidently flatter than dorsal; skin soft, usually wrinkled, colour
whitish. Maximum known size 150mm (preserved). Mouth ventral, anus almost terminal.
Tentacles small, about 20, usually retracted. Ventro-lateral tubefeet are large, arranged in
two simple rows along each side, up to 15-20 in a row, placed at some distance from each
other. The odd ambulacrum is naked. Dorsal papillae minute, easily lost, arranged in two
simple rows along each ambulacra, placed about 10mm from each other. One ventral
polian vesicle and a dorsal stone canal that reaches the dorsal side. Ossicles are fragile
tables of triradiate type, similar in both the dorsal and ventral sides. Disks rounded or
stellate with 6 angles, but often irregular in outline, with 6 large holes around a small

central hole.

Type material. NHM, no catalogue number.

Type locality. HMS Challenger Station, off New Zealand.

Material examined. 2 juvenile specimens (prom. TL: 22mm, W: 8mm), USNM E16502,
Yaquina, North Pacific Ocean, United States, 44°40°42”N, 133° 28°06”, 3717m, year
1970; 1 specimen in poor condition, USNM E16924, Commando, North Pacific Ocean,

United States, Washington, 45° 49°N, 125° 10°W, 1646m, 6 Sep 1962, Id. by: Pawson as
Mesothuria lactea; 2 specimens (prom. TL: 57mm, W: 12mm), USNM E18894, Gilliss
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St. 97, North Atlantic Ocean, United States, off the coast of Virginia, 37° 00’18”N, 74°
15°00”W, 1400-1460m, 23 Nov 1974, Id. by: Carney, R. S. as Mesothuria lactea; 1
specimen in poor condition, USNM E2572; 3 specimens (prom. TL: 72.6mm, W:
22.3mm), Albatross St. 2393, North Atlantic Ocean, Gulf of Mexico, United States,
Louisiana, South East of the Mississippi Delta, 28° 43’00”N, 87°14°30”W, 945m
(525fm), 13 Mar 1885; USNM E20328, Gilliss St. GI-93, North Atlantic Ocean, United
States, off the coast of Virginia, 37° 37°06”N, 74° 25’00”W, 1795-1810m, 19 Sep 1975,
Id. by: Carney, R. S. as Mesothuria lactea; 1 specimen (TL: 114mm, W: 45mm), USNM
E41388, Cape Hatteras N1:05/06, North Atlantic Ocean, United States, Massachusetts,
George Bank, Lydonia Slope, 40° 04’S8”N, 67° 26°35”W, 1950-12305m, 6 Nov 1984; 1
specimen (TL: 230mm, W: 90mm), USNM E46761, Oregon II St. 10880, North Atlantic
Ocean, Gulf of Mexico, Mexico, Tamaulipas, east of Boca de Sandoval, 24° 57°N, 96°
13°W, 1234m, 23 Jan 1970, 1d. by: Pequegnat, W. E. as Mesothuria lactea; 13 specimens
(prom. TL: 97.6mm, W: 39.6mm), USNM E9875, Albatross St. 4656, South Pacific
Ocean, Peru, Lambayeque, West of Lobos de Afuera Island, 6° 55°00”S, 83° 34’00”W,
4046m, 13 Nov 1904; 1 specimen (TL: 52mm, W: 8mm), USNM E9914, Albatross St.
4658, South Pacific Ocean, Peru, Lambayeque, South West of Lobos de Afuera Island, 8°
30°00”S, 85° 36°00”W, 4334m, 14 Nov 1904. See appendix 1, Table 77; appendix 2,
Table 14.

Remarks. Ossicle large holes usually 0.15-0.18mm in diameter, but may reach 0.20 or
more (Figures 3.4 A-C). Hexagonal disks (Figures 3.4 D), 0.20-0.23mm in diameter, are
more common on a ventral side. Spire high, usually with 3 long, slender, usually equal in
length, smooth arms on top, 0.20-0.24mm high; one transverse beam between the base
and top is present; occasional minute spines may occur on arms, more common, on
ventral side (Figures 3.4 A-B). Occasionally 4 arms may develop. The spire is often
single-pointed; the strong central single spine may be directed somewhat laterally
(Figures 3.4 C-E) (Figures 3.5 A-E). No terminal plates occur in the tubefeet. The ossicles
in tubefeet are smooth rods varying in shape and reduced tables. Radial pieces of the
calcareous ring have a nearly triangular outline; the “wings”, typical of Mesothuria sp. 1

for instance, are missing (Figure 3.4 E) (Gebruk, unpublished information).
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Ossicles of similar size and type were found in small specimens 4mm long and large
specimens greater than 100mm long. Single-pointed tables occur already in juveniles
<10mm long. Some juveniles possess table disks that resemble in shape those from the
genus Mesothuria (see Mesothuria maroccana Perrier, USNM E2333, Albatross St. 2117,
North Atlantic Ocean, Caribbean Sea; Venezuela, Aves Island, 15° 24°40”N, 63°
31°30”W, 1229m (683fm), 27 Jan 1884).

In the introduction of this chapter it was indicated that considerable differences
exist between the genera Zygothuria and Mesothuria. However, so far, only Perrier and
Deichmann recognized the genus Zygothuria. The form and the size of ossicles in Z.
lactea are very characteristic. Some confusion, however, has arisen owing to variation in
the number of arms, which is normally three but sometimes just one. Single-pointed
ossicles were not indicated by Théel (1886b) in the type material (one station off New
Zealand and one in the East Atlantic). However, he added this feature later, based on the
additional material from the north Atlantic (Théel, 1886a). A new variety (oxysclera),
based on the specimens from East Atlantic with single-pointed tables exclusively was
described by Perrier (1902). Deichmann (1930) suggested that single-pointed ossicles
might become more numerous in the older animals, because many of Perrier’s specimens
were large. In the material reviewed for this thesis, single-spined ossicles were equally
common in small (<50mm) and large (>100mm) specimens. Owing to this variation,
common in Z. lactea, the variety oxysclera was not recognized either by Hérouard (1923)
or Heding (1942a). The co-occurrence of single and three-armed tables was also stressed
by Sluiter (1901) as an argument against a new variety. There are, however, clear
differences between Z. lactea and Z. oxysclera. The latter species is described below as a

valid species.
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Figure 3.4. Zygothuria lactea (Théel, 1886). Disks (A-D) and segments of calcareous ring (E). RRS Discovery St.
51419 #1. Scale bar 0.1mm for A-D. (Gebruk, unpublished drawing).
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Figure 3.5. Zygothuria lactea (Théel, 1886). Table spires. RRS Discovery St. 51419.41 Scale bar 0.1mm. (Gebruk,
unpublished drawing).

Relationships. Most close to Z. candelabri Hérouard, 1923 and Z. connectens Perrier,

1902, all these forms having triradiate tables with three long arms.
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Geographic distribution. Cosmopolitan species (Figure 3.6). However, some old records
may not be reliable because most authors did not recognize the variety oxysclera and
these two species could have been confused. This is especially likely with the records
from the Gulf of Mexico and the Caribbean (Deichmann, 1930) where Z. oxysclera
occurs. Numerous records from east-northeast Atlantic, also known from the northwest

Atlantic, off west Africa, southeast Atlantic, Indo-Malayan archipelago and New Zealand.

NN\@ Z. lactea
25 Z. oxysclera

Figure 3.6. Distribution of Zygothuria lactea and Z. oxysclera (Gebruk, unpublished information).

Bathymetric distribution. Reliable bathymetric range from 694m (Sluiter, 1901) to
2102m (Hérouard, 1902). M. lactea var. spinosa (Heding, 1940), recorded from 5108m,
differs significantly from Z. Jactea both in the shape and the size of ossicles and should
probably be assigned to Z. candelabri (Hérouard, 1923). Another deep record, from
4400m (Sibuet, 1977), was not supported by morphological details and hence is not
reliable. In the Porcupine Seabight, most of the specimens (83%) occurred between 1430

and 1930m (detailed distribution displayed in Billett, 1988).
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Zygothuria oxysclera (Perrier, 1902)
Figure 3.7, Figures 240-247 in CD

Zygothuria lactea var. oxysclera Perrier, 1902: 323-327, PL. 17, figs. 7-10 (parssim).

Diagnosis (modified from Perrier, 1902). Body oval, ventral surface evidently flatter than
dorsal; skin very thick, usually wrinkled; two layers of skin often seen. Maximum known
size 370mm (live). Mouth ventral, anus almost terminal. Tentacles small, from 15 to 20 in
number, usually retracted. Ventro-lateral tubefeet are large, arranged in two simple rows
along each side, up to 15-20 in a row, placed at some distance from each other, often
withdrawn. The odd ambulacrum is naked. Dorsal papillae small, scattered over dorsal
side, partly arranged in two rows. Ossicles robust triradiate tables, single-spined. Disks of
irregular shape, 0.15-0.20mm in diameter; central hole surrounded with a meshwork of
holes of different size (Figures 3.7 A-B, D). Spire high, with only one central strong arm,

often bearing minute spines (Figures 3.7 C, E).
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Figure 3.7. Zygothuria oxysclera (Perrier, 1902). Ossicles. Johnson-Sea Link, Dive 1735. A, B, D disks, C-E spires.
Scale bar 0.15mm (Gebruk, unpublished drawing).

Holotype. MNHN, no catalogue number.

Type locality. Talisman, “Dredge 20”, off Morocco, 33° 43°N, 11°22°W, 1105m, 14 Jun
1883.

Material examined. 1 specimen, Johnson-Sea-Link 1I, Dive 1731 (760-840m), off
Barbados; 2 specimens, Johnson-Sea-Link II, Dive 1735 (690-760m), 335 and 370mm

long (live size). See appendix 1, Table 79.

Remarks. In young specimens (<50mm), besides tables with irregularly-shaped disks,

there are tables with disks having 6 holes only, resembling those of Z. lactea. However
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they are always single-spined. In addition, disks of intermediate form, with 6 main holes
and a series of small holes in the outer circle, are also common in small specimens.

The characteristic single-spined ossicles of Z. oxysclera, first noticed by Perrier,
occur also in Z. lactea together with typical three-arms tables. This resulted in Perrier’s
variety Z. lactea var. oxysclera being rejected by many authors. Deichmann suggested
that single-spined tables become more common in the old specimens of Z. lactea, because
the description of Perrier was based mainly on large specimens, 150-230mm long.
Apparently, she overlooked that Perrier has also examined a SOmm long specimen which
had the single-spined tables only. Besides single-spined tables, there are some other
characteristic features distinguishing Z. oxysclera from Z. lactea. The meshwork of holes
on the disks is more complicated in the former and the tables are slightly bigger in
general, although the whole size range of ossicles is quite similar in the two species. The
skin seems to be much thicker in Z. oxysclera and double-layered. However, this is
especially typical for the large specimens, exceeding 150-200mm, a size unknown for Z.

lactea.

Relationships. The species is closest to Z. marginata (Sluiter, 1901), also having
triradiate single-spined tables. Z. marginata is the only other Zygothuria species, besides
Z. lactea, to have had the details of its calcareous ring described (Heding, 1940). Both
species have the triangular shape in the radial segments of calcareous ring. Differences

between Z. oxysclera and Z. lactea are discussed in remarks.

Geographical and bathymetric distribution. East Atlantic (from 865 to 1319m),
Caribbean (ca. 700-850m) (Figure 3.6). Some old records of Z. lactea from the

Caribbean, the Gulf of Mexico and East Atlantic may also correspond to Z. oxysclera.
The list of Mesothuria and Zygothuria species known from the Atlantic, based on the
revisions of Deichmann (1930, 1954) and Heding (1940) with the new species added, is

as follows (all reliable species are marked in bold, comments given below):

1. M. intestinalis (Ascanius, 1805)
2. M. verrilli (Théel, 1886a)
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3. M. murrayi (Théel, 1886a)

4. 7M. expectans Perrier, 1902

5. M. maroccana Perrier, 1902

6. M. bifurcata Hérouard, 1901

7. M. rugosa Hérouard, 1912

8. M. grandipes (Hérouard, 1923)
9. M. gargantua Deichmann, 1930
10. M. cathedralis Heding, 1940
11. Mesothuria sp. 1.

. Z. lactea (Théel, 1886a)

. Z. connectens Perrier, 1898

1

2

3. Z. oxysclera (Perrier, 1902)

4. Z. candelabri (Hérouard, 1923)
5. Z. thomsoni (Théel, 1886a)

M. intestinalis 1s a well defined species, although in the old publications it was
often confused with M. verrilli and possibly with M. gargantua. The type specimen no
longer exists. It was described in detail by Ostergren (1896) and Heding (1942a). The age
variation of ossicles is similar to M. verrilli, i. e. ossicles in young specimens are larger
than in older specimens. It is a large form, growing up to 300mm in length. It is
distributed all over the north Atlantic, including West Indian seas and Mediterranean (see
also Madsen and Hansen, 1994). Recent records in Mediterranean include Zavodnik and
Simunovic (1985). Bathymetric range believed to be 20-2000m. Shallower records tend to
occur in more northerly waters. In the Porcupine Seabight is found between 460 and
1465m depth (Billett, 1988). M. intestinalis also can be easily separated from the other
Mesothuria species by looking at the gonads. The sequential hermaphrodite gonads of M.
intestinalis consists of many long tubules, arranged loosely inside the body cavity.

M. murrayi (var.?) and M. murrayi (Figure 3.8). The type material of M murrayi
comes from the Pacific, off the Chilean coast, at a depth of ca. 2500m. Hérouard’s M.
rugosa from off the Cape Verde Islands is identical in detail to M. murrayi. This was first

noticed by Deichmann, who surprisingly considered M. murrayi as a junior synonym of

76



F.A. Solis-Marin
Chapter Three

M. rugosa, although the priority of Théel’s name is obvious. There is also a clear
similarity between M. murrayi and Perrier’s M. maroccana from off Morocco, also
known from the Caribbean, the east Gulf of Mexico and the northeast Atlantic (Billett,
1988). The two species have absolutely identical ossicles, but there are some differences
in the arrangement of the tubefeet, which may well be an age variation, because Théel’s
specimens were 240mm long whereas those of Perrier were only SO0mm. Perrier has
pointed out the similarities between his specimens and M. murrayi (var.?) known from
Gibraltar. The similarity between M. maroccana and M. murrayi (var.?) was also noticed
by Grieg (1932). Further confusion was created by Deichmann (1930, 1940, 1954), who
gave the morphological details of M. murrayi (Théel) in her descriptions, but assigned her
specimens, 40-60mm long, from the West Indian seas, to M. maroccana Perrier. This
group of species evidently requires further study. That is also true for M. murrayi var.
grandipes. llustrations of the ossicles of this species are lacking, but the size given for
the table disks, 0.15-0.18mm in the 80mm long specimen, significantly exceeds that of
the main “murrayi group” (0.07-0.12mm). M. murrayi has also been reported from the

Indonesian seas, from 400-522m (Sluiter, 1901) (Figure 3.8).

. murrayi

. murrayi (var.?)
. Tugosa

. maroccana

. murrayi var. grandipes

Figure 3.8. Distribution of a group of Mesothuria species (Gebruk, unpublished information).
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?M. expectans as observed by Perrier and Deichmann, may well correspond to
the genus Paroriza. The description was based on a single specimen, and ossicles
were completely lacking.

M. bifurcata has very characteristic ossicles, which were carefully described

by Heding (1942a). The type locality is in the Southern Ocean Pacific (Figure 3.9).

. M. bifurcata

: 3 Mcathedralis

7 Z. connectens
(N 7. candelabri

O Z. thomsoni

& Z. thomsoni var. hyalina }j 3

v Z.lactea var, spinosa R

g /27 M. gargantua :
N

Figure 3.9. Distribution of a group of Mesothuria and Zygothuria species (Gebruk, unpublished information).

M. gargantua is characterized by very large and robust quadri-radiate (rarely
S5-radiate) tables (disk diameter up to 0.25mm). It was described carefully by
Deichmann, but a single illustration of ossicle she provided was insufficient. More
clear illustrations, based on the preparations from the type material (MCZ, Cat. No.
449) are represented on Figure 3.10. A photo of M. gargantua in situ is given in Rice
and Miller (1991).
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Figure 3.10. Mesothuria gargantua Deichmann, 1930. Ossicles from type specimen (MCZ cat. No. 449). (Gebruk,
unpublished drawing).

M. cathedralis was well defined and carefully described by Heding. Characterized

by quadriradiate tables with four short spinous arms on top the spire and disks with 1-2
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crowns of 8 perforations in each. It is distributed throughout the East Atlantic (Figure
3.9).

The original description of Z. candelabri was based on fragments. It is a deep-living
form recorded from 3757 to 4870m in the northeast Atlantic (Billett, 1991). The ossicles
are identical to those of Z. thomsoni (Théel, 1886) (length 125mm) in both form and size.
Z. thomsoni is known from the western Pacific from the depths 3430-5300m. This is also
true for Mesothuria (Zygothuria) lactea var. spinosa (Heding, 1940), size unknown,
recorded from 5108m in the Southeast Atlantic (Figure 3.9). All these forms are likely to
be age variations of Z. thomsoni. There is also a similarity between these forms and Z.
connectens, 60mm long, recorded off northwest Africa from 1975-2518m. A difference
occurs, however, in that the arms of spire in the former are spinous, while they are smooth
in the latter. Confusion is added by the variety Z. thomsoni var. hyalina (Théel, 1886),
68mm long, known from the Southern Ocean (off southern Australia) from ca. 3300m
(Figure 3.9), which differs from the type in the arms of spire being less spinous. All these
forms are closely related and they require further study. Records of Z. (Mesothuria)
candelabri from the Kermadec Trench (South West Pacific) by Hansen (1975) need to be

confirmed as well (Gebruk, unpublished information)

3.3.2. Molecular analysis

The overall length of the amplified mitochondrial DNA 16S products varied
between 226 base pairs (Zygothuria lactea) and 235 base pairs (Mesothuria bifurcata) at
the 3” end of the gene. The consensus DNA sequences of the amplified fragments have

238 base pairs (Figure 3.11). The sequences have been submitted to the GenBank data
base (Table 3.4).
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z11 TTTTGATTGGGGTAATCATAAAGCTAA-——-AATCTCTAGT-TAAATAGAA
Z12 e e e T e e N
Z13 e e T e R
Mml ..... Govevnnn C...GG..T.T.-———......... AA.TT......
Mm2 ..., G.ovvvnnn C...GG..T.T.-—. ... AA.TT......
Mm3  ..... G..oovun C...GG..T.T.m— ... AA.TT......
Mm4 ..... Govvvvnnn C.o. . GG.. T.T.-m— ... ... AA.TT......
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Mspd ..... G.ooooovn C G T.Gom == i ii e -.TT......
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Ifl C....G..vl C..C...GG..TA..AGC.GC...C...T.TTCAG.T.
I1f2 CoveGoootl. C..C...GG..TA..AGC.GC...C...T.TTCAG.T.
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Mmil ..G.T.T.-C...... AA.-—.GT...AT......... -T..... .
Msp2 ..G.T.T.-C...... AA.---.GT AT......... “T..... -
Msp3 ..G.T.T.-C...... AA.-——.GT AT......... ~Tou... -
Msp4d ..G.T.T.-C...... ARA.-—~-.GT...AT......... -T..... -
Msp5 ..G.T.T.-C...... AA.-—.GT...AT......... “T..... -
Mbl AT GGC. ... T..A.-—— .AT..CAT......... A...... G..
Mb2 ACT..GGC..... T. .A.-——.AT..CA.......... A...... G..
If1 ..AA.CC.TTCTC...A...CAC.ACC.CAA...... AAA-...T..G..
If2 ..AA.CC.TTCTC...A...CAC.ACC.CAA...... AAA-...T..G..
If3 ..AA.CC.TTCTC...A...CAC.ACC.CAA...... ARAA-...T..G..
If4 ..AA.CC.TTCTC...A...CAC.ACC.CAA...... AAA-...T..G..
If5 ..AA.CC.TTCTC...A...CAC.ACC.CAA...... ARA-...T..G..
If6 ..AA.CC.TTCTC...A...CAC.ACC.CAA...... AAA-...T..G..

150
211 ATTAGAATAAGTTACCGCAGGGATAACAGCGTTATCTTCTTTGAGAGTTC
730
730
Mml D C.
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Mm3 et i et i it ittt it ittt sttt eeaeaanaanes C.
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Z211 TTATTGACAAGAAGGATTGCGACCTCGATGTTGGATTGAGGCATCCTTAA

/2
¢ G.A........ G
MIZ e e e e i e G.A........ G
1411 AP G.A........ G
M4 e e e e ettt et G.A........ G
/511 T Gevenvwennn G
] Govovvninn G
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Mbl B et et e i e et e e et e T
Mb2 Al L Govvvvnnen T
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If2 ..., L G..T.A..AG.G
If3 ... L G..T.A..AG.G
If4 ........ L G..T.A..AG.G
If5 ........ L G..T.A..AG.G
If6 ........ L G..T.A..AG.G

/2 T
Mml Lo Covinnnnn A....... Tevon.
Mm2 Cooee. Cooiviiie A....... T.....
Mm3 Cooeaa.. Cooviniiie A....... T.....
Mm4 Covnnnt Covevnnnn Ao, G.....
Mmil @ oottt et e e e Ao T.....
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MSP3 i it e e Ao, T.....
MSPd  ti it e i e e e Ao T.....
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Mbl Cooan. S AL Teuun.
Mb2 Lo 2 A....... T.u...
Ifl Lo o C.CT.A...... A....... T.....
If2 Covvn C.CT.A...... A....... T.....
If3 C.oooinn C.CT.A...... Acoooa.. T.....
If4 Covooinn C.CT.A...... Ao T.....
If5 Covevnn C.CT.A...... A....... T.....
Ife Covinin C.CT.A...... Al T.....

Figure 3.11. Aligned nucleotide sequence of the 3’ segment of the mitochondrial
16S gene from 5 species of sea cucumbers. Dots indicate identical nucleotides.
Hyphens indicate missing data. Abbreviations: Zl, Zygothuria lactea, Mm,
Mesothuria multipora, Msp, Mesothuria sp. 1, Mb, Mesothuria bifurcata; If,
Isostichopus fuscus.

The identity of the partial sequence of the 16S gene was confirmed by similarity

of the peptide sequence to the 16S gene of the sea urchin Strongylocentrotus purpuratus

(Jacobs ef al., 1988) and the 16S data from holothurians published by Arndt ef al. (1996)

(GenBank Acc. Nos. U31901, U32210-U32221, U32198 and U32199).

The average contributions of bases across the studied sequences were A= 27%,

C=16%, G=23%, and T=32%. No significant differences in base composition across the

4 taxa were detected (= 20.33; df= 42; P > 0.998).
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In the Mesothuria group, the GC content of the sea cucumber 16S gene fragments
ranged from 38% in Mesothuria sp.1 to a high of 42% in M. bifurcata and M. multipora
with an average of 39%. The Zygothuria lactea data set show a GC average content of
35%. As reported for numerous organisms, including a number of other echinoderms
(Jacobs et al., 1988; Cantatore ef al., 1989; Asakawa et al., 1991; Arndt et al., 1996), the
proportion of guanine (G) in the third position was low (7-10%) with a corresponding
increase in adenine (A) to an average of 42%.

There is no significant intraspecific divergence between regions of the 16S gene
(0.06%). Table 3.8 represents the average pairwise GTR + SSR distances matrix for the
studied 16S sequences. Mesothuria. sp.1 shows a degree of genetic divergence from M.

multipora, comparable to the pairwise distances between M. bifurcata and M. multipora.

Table 3.8. Holothurian Pairwise Distances Matrix".

ZIl 712 Z13 Mm37 Mm38 Mm42 Mm43 Mspl Msp2 Msp3 Mspd MspS Mbil Mbi2 I(6)

71 -

Z12 000 -

Z13  0.00 0.00 -

Mm37 0.11 0.11 0.11 -

Mm38 0.11 0.11 0.11 000 -

Mm42 0.11 0.11 0.11 0.00 0.00 -

Mm43 0.11 011 0.11 0.00 0.00 0.00 -

Mspl 0.09 0.09 0.09 0.04 004 0.04 005 -

Msp2 0.09 009 009004 004 004 005 0.00 -

Msp3 0.09 009 009004 004 004 005 0.00 0.00 -

Msp4 0.09 0.09 009 0.04 004 004 005 000 000 0.00 -

MspS 0.09 0.09 0.09 0.04 0.04 0.04 0.05 000 000 000 0.00 -

Mbil 0.16 0.16 0.16 0.13 013 013 0.14 013 013 013 013 0.13 -
Mbi2 0.16 0.16 016 0.13 013 013 014 013 013 013 013 0.13 0.00 -
If6) 025 025 025021 021 021 022 022 022 022 022 022 020 020 -

! Average pairwise GTR + SSR distances.
Abbreviations: Z1, Zygothuria lactea, Mm, Mesothuria multipora, Msp, Mesothuria sp. 1, Mb, Mesothuria bifurcata, If,

Isostichopus fuscus. In parentheses the number of specimens for Isostichopus fuscus.

Maximum Parsimony and Maximum Likelihood (heuristic search) analyses
produced identical 50% majority-rule bootstrap consensus tree topologies, with varying
bootstrap values. Of the 189139 trees evaluated in the heuristic search, a single tree was
retained with the best score of —InL. 723.9049 (Figure 3.12). The six 16S sequences in

Isostichopus fuscus are identical, and were collapsed in the outgroup branch.
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Figure 3.12. Maximum Parsimony (MP) and Maximum Likelihood (ML) 50% majority-
rule bootstrap consensus tree topologies. Bootstrap values are given for MP and ML
respectively. Abbreviations: Zl, Zygothuria lactea, Mm, Mesothuria multipora, Mmi,
Mesothuria sp. 1; Mb, Mesothuria bifurcata; If, Isostichopus fuscus.
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3.3.3. Population structure and biomass of Mesothuria and Zygothuria species in the
North East Atlantic Ocean

Only Zygothuria lactea occurred in sufficient numbers to permit the construction of
size/frequency histograms (Figure 3.13). Most of the samples are dominated by large
(>70mm) specimens although two samples are composed mainly of small (<60mm)
specimens. There is no relationship of depth or time of year with the population size
distribution. However, the occurrence of small Z lactea was concomitant with the
appearance of small specimens of the elasipodid Benthogone rosea and over 2000
specimens of the minute holothurian Elpidia, which taken together may indicate patchy
and periodic (but not necessarily seasonal) recruitment to the adult population.

The biomass of Z. lactea, in terms of wet and dry weight, ash-free dry weight and
calorific content, are shown in Table 3.9. A maximum AFDW of 230g hectare’ was
found at 1500m, although nearby stations had values less than 53g hectare”, again
emphasizing the patchy nature of the distribution of this species. These data correspond
closely to those of Walker er al. (1987) that reported a caloric value for this species of
26.24] mg™' giving a biomass of 6085 KJ/hectare™.

Table 3.9. The wet weight (WW), dry weight (DW), ash-free dry weight
(AFDW) and calorific biomass of Zygothuria lactea expressed as g or KJ per
hectare.

Calorific
Station Depth WW DW AFDW Biomass
51113#2 1535 1808 103 35 918
51403#4 1326 1787 141 25 625
51708#2 1450 - 180 53 1391
51407#1 1500 14471 596 230 6035
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3.3.4. Reproduction
3.3.4.1. Gonad morphology and gametogenesis

The ovary of specimens of Mesothuria and Zygothuria (except M. intestinalis
which is a sequential hermaphrodite [Mortensen 1927]) consists of many short tubules,
which are arranged tightly about the central branching system of ducts, which arise from
the gonoduct (Figure 3.14a, b). On dissection of live material of Z. lactea was found to
have large bright pink yolky oocytes. In all species examined the testes consisted of

numerous uniformly shaped tubules of similar length and diameter.
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In Z. lactea the previtellogenic oocytes continue to grow to ca. 200um diameter at
which size the basophilic material becomes peripheral in the ooplasm whilst the rest of
the ooplasm becomes filled with PAS-positive material that increases until the oocyte size
attains its maximum of 650um diameter (Figure 3.15a). During this development,
however, there are two periods of oocyte break down. The first occurs at a diameter of ca
150pum where some oocytes breakdown and become filled with globular breakdown
products. There are no obvious phagocytes. This process is reminiscent of the “nurse cell”
activity seen in Bathybiaster vexillifer (Tyler et al., 1982). The second phase of oocyte
breakdown is the more typical phagocytosis of unspawned oocytes, as seen in the other
deep-sea echinoderm species (Tyler ef al., 1985a). In this case the large oocytes become
filled with phagocytes followed by internal degeneration of the ooplasm (Figure 3.15b).
Two hermaphrodites of Z. lactea were found. One showed different tubules of different
sexes and the other showed intra-tubular hermaphroditism. This gives an incidence of
hermaphroditism in this species of <2%.

Oogenesis in Mesothuria sp. 1 is very similar to that in Z. lactea except that there
is no “nurse cell” development. Maximum oocyte size would appear to be similar to that
of Z. lactea. In some specimens of Mesothuria sp. 1 the proportion of phagocytosed
oocytes is very high. In some cases the entire tubule is filled with this material suggesting
that the mature oocytes can only be maintained for a certain period before they have to be
resorbed.

Examination of the oocytes size/frequency data for these two species (Figures
3.16, 3.17) shows that the most oocytes are less than 200um diameter. About 10% appear

to be undergoing development to the maximum oocyte size.
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Figure 3.17. Oocyte size/frequency distributions for Mesothuria sp. 1.

There is no evidence of any reproductive seasonality in either species. Mesothuria
intestinalis is a hermaphrodite, although “male and female products are not found ripe at
the same time” (Mortensen, 1927). Examination of the limited number of specimens from
the Porcupine Seabight support the observations of Mortensen. Male development occurs
first. At a body length of ca. 80 to 110mm female development occurs and all specimens
greater than 110mm, up to a maximum size observed of 155mm, are developing,
developed or spent females. Only one specimen was observed to contain both eggs and
sperm. These data suggest protandry. Oogenic development is very similar to that of Z.
lactea (see above) including the two periods of oocyte breakdown. In the limited number
of specimens of M. maroccana available, the smallest specimen is female, whilst larger
specimens are either male or show both eggs and spermatogonia. The data for this species
are too limited to speculate about its reproductive processes. In M. candelabri only three
specimens were examined of which one was a female. This specimen was poorly

preserved and thus we are unable to comment on the production of oocytes.
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In all species of Mesothuria examined, spermatogenesis would appear to be
similar. In early development the testis tubules have a highly convoluted inner surface
(Figure 3.15c). As development proceeds a distinct band of spermatogonia and
spermatocytes can be distinguished from mature spermatozoa. In well-developed testes
the lumen is packed with spermatozoa (Figure 3.15d). The only obvious difference
between the species is the thickness of the connective tissue layer of the testis wall during
early development, which is thin in Z. lacfea, Mesothuria sp. 1 and M. candelabri and

thick in M. intestinalis and M. maroccana.

3.4. Discussion and conclusions
3.4.1. Alpha and molecular taxonomy

Morphologically, the genus Zygothuria differs from the genus Mesothuria in the
general external body shape appearance. The two genera exhibit a major difference in
the arrangement of ambulacral appendages. Mesothuria has a cylindrical body, with the
ventral side usually somewhat flattened, with papillae all over the body, uniformly
covering the dorsal side and being small and equal in size, or much smaller dorsally.
Zygothuria is flat or has a well-differentiated sole, with tubefeet arranged exclusively in
a single or double row along ventrolateral ambulacra, placed on the margin of the sole,
which often forms a fringe. Tubefeet are widely spread and may be quite big. The dorsal
papillae are minute, not numerous, irregularly distributed or arranged in two simple
rows and sometimes totally absent. The radial pieces of the calcareous ring in
Zygothuria are basically triangular in shape, whereas in Mesothuria they are
rectangular. The bodywall ossicles in Mesothuria are quadriradiate tables with the
central primary cross elevated from the disc. In the genus Zygothuria the ossicles of the
integument are basically triradiate tables.

Although the morphologic differences are clear and good enough to distinguish
and separate both genera, the DNA analysis shows a different perspective.

The sequences ofi the first (Zygothuria lactea) and second (Mesothuria sp. 1)
clusters in Figure 3.12 and that of Mesothuria multipora formed a monophyletic group
supported by a rather low bootstrap probability (70%). The sequence obtained from two
individuals of M. bifurcata from the Antarctic appears as the common ancestor of

Zygothuria lactea, Mesothuria sp. 1 and M. multipora.
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The phylogenetic analysis, as it stands, confirms that Mesothuria sp. 1 and M.
multipora are separate species, but it is also clear that Zygothuria lactea and Mesothuria
sp. 1 share another Mesothuria as a common ancestor. This is maybe an artefact of having
only one Zygothuria species sequences on the tree.

The current application of the genera name Zygothuria is not consistent with the
phylogenetic inference. This kind of problem may occur because phenotypic
discontinuities that define traditionally recognized taxa may not always correspond to
genetic or reproductive boundaries. For instance, recent or incomplete speciation events
can often lead to conflicting patterns of genetic and morphological variation. These
conflicts may be due to hybridisation (Marko, 1998), incomplete lineage sorting
(Palumbi, 1996) or limited morphological divergence between genetically distinct species
(Knowlton, 2000). Alternatively, morphologically differentiated taxa may be genetically
indistinguishable, a pattern that has been found frequently in genetic analysis of marine
invertebrates.

One possible reason for the small degree of genetic differentiation between
Zygothuria and Mesothuria, in what appear to be reproductive isolated taxa, is that rates
of molecular evolution of these groups may be unusually slow, as shown by other
marine invertebrates (Romano and Palumbi, 1997). Alternatively, the lack of genetic
differentiation could reflect the effects of regular hybridisation. This perspective has
been strongly argued by Veron (1995) for corals.

With slow rates of molecular evolution, a relatively recent origin may contribute
to the difficulty in finding fixed genetic markers associated with barriers to gene
exchange (Knowlton, 2000). The extent to which hybridisation blurs species boundaries
of marine organisms remains a subject of debate in groups like the synallactids.

The lack of diagnostic molecular differences between the two taxa means that
they are currently identifiable only by morphological criteria. Because morphologically
defined taxa are still the basis for most ecological, physiological, and anatomical
research, 1 propose to maintain Zygothuria and Mesothuria as separated genera in the
family Synallactidae. Future molecular analyses should help to resolve many of these
issues, particularly if coupled with other biological approaches such as reproduction and

population studies.
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3.4.2. Distribution

Both Zygothuria and Mesothuria have a cosmopolitan distribution (Figures 3.2,
3.6, 3.8 and 3.9). Some groups of species, however, demonstrate clear distributional
patterns. The first group, including M. gargantua (Figure 3.9) and M. verrilli (Figure 3.2),
are endemic to the Caribbean. The second group, including M. intestinalis and Z.
oxysclera have amphi-atlantic distributions restricted, however, to the Caribbean in the
west and known from low to high northern latitudes in the East Atlantic. The third group
of species has a wider distribution, always occurring in low latitudes, but penetrating also
temperate and high latitudes in both hemispheres (Gebruk, unpublished information).
This group includes Z. lactea (Figure 3.6), M. cathedralis (Figure 3.9) and groups related
to M. murrayi and Z. candelabri. Finally, M. bifurcata is known only from the Southern
Ocean and high latitudes in the north Atlantic (Figure 3.9). While Mesothuria sp. 1 occurs
only in the northeast Atlantic. (Figure 3.2).

The clear links at low latitudes point towards a Tethys origin of the fauna as in
many other deep-sea groups. The important role of the Tethys basin as a centre of species
origin and distribution has been discussed in particular by Ekman (1953), Madsen (1961),
Menzies ef al. (1973), Mironov (1985) and Gebruk (1994). The break up of the Tethys
Sea was completed in the Miocene, resulted in the formation of four Tethys-derived
areas: the isolated temperate Northern Gulf of Mexico, the isolated tropical Caribbean,
the isolated Mediterranean and the isolated tropical Indo-Pacific. The modern distribution
of the Mesothuria and Zygothuria species indicates links with three of these areas:
Caribbean, Mediterranean and Tropical Indo-Pacific (Gebruk, unpublished information).

It has been suggested that the Tethys basin has played an important role in the
history of the other major of deep-sea holothurians, the Order Elasipodida (Gebruk,
1994). The elasipodid fauna, believed to be widely distributed in the Tethys Sea, was split
into at least three parts, following the break up of the Tethys Sea into the Indo-Malayan,
the Mediterranean and the West-Pacific sections, the latter remaining in the Panama Gulf
area after this region had been split in two by the Central American Isthmus. It has been
also suggested that elasipodids invaded bathyal Antarctic waters moving along the South
American continental slope, either from the Caribbean, or more likely from the Panama
Gulf area, where the primitive forms are still present (Gebruk, unpublished information).

This is different from the elasipodids, which are believed to have then expanded world-
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wide from the Antarctic within the abyssal zone. In contrast, the synallactids remained
closely related to the Tethys-derived areas in low latitudes, similar to the distribution of
primitive bathyal elasipodid holothurians (e.g. Psychrelpidia, Penilpidia and
Psychroplanes) (Gebruk, 1994). Evolving mainly within low latitudes, synallactids,
however, have penetrated high latitudes widely in the North Atlantic, presumably from
the post-Tethys Mediterranean, as discussed for some other groups by Menzies et al.
(1973). The synallactids have also penetrated moderate and high latitudes widely in the
southern Hemisphere (but not the abyssal Antarctic). The distribution of the group of
species related to M. murrayi support the southern pathway from the Panama Gulf area
along the South American continental slope. Poor taxonomy of this group and little
reliable data on the distribution of other synallactid genera however do not allow a more
precise biogeographical analysis (Gebruk, unpublished information).

In the North East Atlantic populations, there are subtle differences in the
distribution, zonation, and natural history of the main species. The shallowest living
species is M. intestinalis which, although not abundant in the Porcupine Seabight is found
associated with the Pheronema community. It also occurs in shallow water further north
in the Atlantic, suggesting it is following an isotherm in its southerly distribution. Z.
lactea and Mesothuria sp. 1 have very similar bathymetric distributions in the Porcupine
Seabight (~1200-1900m). It is possible that the distribution of these two species is
controlled by water of Mediterranean origin that bathes the continental slope in this area
(Tsuchiya er al., 1992; Price ef al, 1993; Soler, 2002), as has been described for
Ophiocten abyssicolum (Paterson ef al., 1982). Towards the lower end of their vertical
range these two species are replaced by M. maroccana that has a depth distribution,
which corresponds to the North-East Atlantic Deep Water. At considerably greater
depths, possibly at the limit of Antarctic Bottom Water (>3750m), M. candelabri is
found. It is possible that the isolated occurrence of M. candelabri in the Kermadec Trench
(SW Pacific) may reflect the impact of the Antarctic Bottom Water (AABW) has on this
trench in this area. Although I do not maintain that these species distributions are
determined by the salinity/temperature characteristics of the seawater masses, there may
be some form of chemical or biological conditioning within these water masses that

determines their distribution.
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3.4.3. Reproduction

The natural history, especially the reproductive biology of Mesothuria and
Zygothuria, is conservative. The two most similar species are Z. lactea and Mesothuria
sp. 1, which are dioecious and have a similar large egg size indicative of lecithotrophic
development. The only substantial difference is that Z. lactea has evidence of nurse cell
activity not found in M. verrilli, possibly representing generic differences. Conversely M.
intestinalis and possibly M. maroccana are hermaphrodites, the former being protandric.
In the latter there are insufficient specimens to determine the type of hermaphroditism. In
the female phase of gametogenesis M. intestinalis has a similar pattern to that of Z. lactea
including the nurse cell activity. It is of interest that in the dioecious Z lactea two
individuals were found to be hermaphrodites. Unfortunately too few specimens of M.
candelabri were available to determine the reproductive pattern. In none of the species
examined is there any evidence of seasonality in reproduction. No seasonality in
reproduction has been found in any deep-sea holothurian yet. In all females, however,
there appears to be the breakdown of unspawned oocytes. This has been reported to be
fairly common in deep-sea echinoderms that breed all year round (Tyler, 1986) and
suggest that the mature eggs are held for only a limited time. If not released for
fertilization they are resorbed for recycling within the adult in this energy-poor
environment. It is possible that the limiting factor is the ability of the adult to supply
oxygen to the eggs. Bookbinder and Schick (1985) have shown that in the shallow water
echinoid Strongylocentrotus droebrachiensis anaerobiosis dominates respiration owing to
the mass and lack of perfusion within the ovary. There will be a point when the mature
oocyte can no longer be maintained and if not spawned will breakdown naturally whilst

phagocytes clear up the debris.
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Chapter Four -Mitochondrial DNA sequence evidence supporting the recognition

of a new North Atlantic Pseudostichopus species (Echinodermata: Holothuroidea)

4.1. Introduction

The genus Pseudostichopus Théel, 1886 is one of the oldest established
synallactid taxa (Imaoka, 1978). It contains more than 18 “highly controversial”
nominated species and typifies many of the fundamental problems outlined in
Chapter one, section 1.3 of this thesis. Despite the efforts of numerous workers over
the past 200 years, the taxonomy of the genus still contains many areas of
uncertainty. The group has a very tortuous synonymy, a summary of which is given
in the Chapter 5 of this thesis.

Holothurians collected by RRS Discovery and RRS Challenger from the deep-
sea floor of the Porcupine Abyssal Plain, North East Atlantic during the BENGAL
programme (High-resolution temporal and spatial study of the benthic biology and
geochemistry of a north-eastern Atlantic abyssal locality) from 1991 to 1999 (Billett
and Rice, 2001) included numerous specimens of P. villosus, and many examples of a
smaller Pseudostichopus morphotype. Previous records from the North East Atlantic
have shown that seven species of Pseudostichopus are present in the area (Mortensen,
1927; Miller and Pawson, 1984; Gage et al., 1985; Billett ef al., 2001). Whether this
morphotype represented a separate species or was merely a life stage of one of the
other Atlantic Pseudostichopus was uncertain. Previous descriptions of the external
features and ossicle morphology of the previously known Pseudostichopus species
reported for this area have been ambiguous (Marenzeller, 1893b; Hérouard, 1902,
1923; Mortensen, 1927, Deichmann, 1930, 1940). Differences in general body shape
and internal anatomy between Atlantic Pseudostichopus specimens is often small and
may simply represent intraspecific variation. Furthermore, descriptions of the ossicles
of species such as P. villosus, P. occultatus, P. marenzelleri and P. mollis, are

frequently contradictory (see Marenzeller, 1893b; Hérouard, 1923; Deichmann, 1940;
Lambert, 1997).
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Studies of DNA sequence variation have been used to resolve problems of
taxonomic identity in many invertebrate groups (Foltz, 1997, 1998; Flowers, 1999;
Creasey and Rogers, 1999; Knowlton, 2000; Williams, 2000; Flowers and Foltz,
2001) including holothurians (Arndt et al., 1996). In the deep sea this has lead to the
discovery that ecologically important species are complexes of previously
unrecognised sibling or cryptic species [(e.g. Eurythenes gryllus France and Kocher
(1996); Cyclothone spp. Miya and Nishida (1996, 1997)]; gastropods and bivalves
(Etter ef al, 1997). Such discoveries indicate that preconceptions about the
homogeneity of the deep sea and the global distribution of deep-sea species are
incorrect.

In the present study molecular and morphological approaches are combined to
provide strong evidence for the presence of a new species of Pseudostichopus on the

Porcupine Abyssal Plain.

4.2. Materials and methods
4.2.1. Sampling

Three species were screened in the present study, 2 Pseudostichopus species
and Isostichopus fuscus. The latter was used as the outgroup for the phylogenetic
analysis.

Pseudostichopus specimens were collected from 14 sites on the North East
Atlantic, at the Porcupine Abyssal Plain to the southwest of Ireland, ranging from
4764 to 4849m in depth (Table 4.1), between the years 1991 and 1999. Rice (1992,
1996, 1997). Sibuet (1999), Billett (2000) and Billett and Rice (2001) provide
descriptions of the study area, and the sampling strategy and gear used to collect the
material used in the present study.

In addition to North East Atlantic specimens, I fuscus was collected using
SCUBA diving from a shallow water site (15m depth) in the East Pacific, off the
coast of Jalisco, Mexico (21°N) in the year 2000.

The collection, dissection, fixation methods were mentioned in Chapter 2,

sections 2.1-2.4 of this thesis.
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Table 4.1. List of stations where Pseudostichopus sp 1 was collected. RRS Discovery cruises 222(2), 226, 237
and RRS Challenger cruises 79, 142 (Rice 1992, 1996, 1997 Sibuet 1999; Billett 2000).

Station Date  Lat. (N) Long. (W) Lat. (N) Long. (W) Depth (m) No. of
Position start Position end specimens
52701#42 24 -05-91 48°52.70° 16°38.50° 48°5120° 16°28.50° 48494843 85
12930446  09-09-96  48°47.21° 16°4331° 48°4949° 16°32.62° 4837-4841 53
12930478 16-09-96  48°53.04 16°30.49° 48°50.03° 16°41.92° 4836-4840 82
13078429 04-04-97 48°56.20° 16°22.77° 48°47.35" 16°33.23° 48444847 183
13627#10  30-09-98 48°53.06" 16°42.06° 49°02.00° 16°53.03° 4835-4837 68
54901#5  28-04-99 48°44.87° 16°40.53° 48°48.16° 16°36.24° 48354838 97
54901#7  29-04-99 48°4745 16°48.88° 48°50.82° 16°46.04° 4836-4838 2
5490149  30-04-99 48°46.89° 16°41.59° 48°50.58° 16°36.36° 4837-4841 111
5490341  03-05-99  49°32.09° 15°56.02° 49°28.11° 15°56.52° 4810-4817 545
5490541 04-05-99  50°32.65° 16°57.77° 50°28.66° 16°59.43° 4764-4786 T2

Total: 1298

4.2.2. Identification

Taxonomic identification was carried out prior to the DNA analysis, based on
original descriptions and keys (Sluiter, 1901; Hérouard, 1902, 1923; Mitsukuri, 1912;
Mortensen, 1927, Deichmann, 1930; Heding, 1940; Imaoka, 1978; Thandar, 1992;
Liao, 1997) using ossicles morphology and external-internal anatomy.

The ossicle preparation and nomenclature are given in Chapter 2, section
2.43. Total length (TL) as indicated in the holotype and paratypes examined was
measured from the tip of the anterior part of the body to the posterior end. Width (W)
was measured from the widest part of the body at the mid ventral region. For each set
of measurements, the maximum, minimum and median values were recorded. All
measurements are in millimetres. The specimens were deposited in the collections of
the Natural History Museum, London (NHM); the National Museum of Natural
History, Smithsonian Institution, Washington, DC, USA (USNM); the Zoological
Museum, Copenhagen, Denmark (ZMC), Echinoderm National Collection,
Universidad Nacional Autonoma de Mexico, Mexico City, (ICML-UNAM) and the
Discovery Collections, Southampton Oceanography Centre, UK.

DNA extraction, PCR and sequencing methods are given in Chapter 2, section 2.6.
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Table 4.2. Oligonucleotid primers sequences used in the present study
Primer Sequence 5’ — 3’ Mitochondrial map position Direction
(Strongylocentrotus purpuratus)
COlef ATAATGATAGGAGG[A/G]ITTTGG 6000-6019 Forward
COler GCTCGTGT[A/G]TCTAC[A/G]TCCAT 6692-6673 Reverse

4.2.3. Molecular Analysis

The potential interspecific variation of the putative species of
Pseudostichopus was analysed using a 597 base pair partial Cytochrome Oxidase I
(COI) sequence with all bases included (bp 1 — 597, GenBank acc. nos. AF486424-
AF486436). The analysis sample set comprised of COI sequences for P. mollis, P.
villosus, the Pseudostichopus morphotype and the outgroup Isostichopus fuscus
(Table 4.3). These represent consensus sequences determined from the original
sequence data set of 14 individuals in which all identical sequences were collapsed.
The COI amino acid sequence was used for the best possible alignment. All

sequences were aligned using Clustal X (Thompson ef al. 1997).

Table 4.3. Sequences used in molecular analysis.

Species No. Segs. GenBank Accession No. Reference
Pseudostichopus mollis 1 U32221 Armdt ef al. (1996)
Pseudostichopus villosus 3 AF486434, AF486435, AF486435. | This work
Pseudostichopus sp. 1 4 ATF486430, AF486431, AF486432, | This work
AF486433

Isostichopus fuscus 6 AF486424, AF486425, This work
AF486426, AF486427,
AF486428, AF486429.
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Phylogenetic analysis was performed on the nucleotide sequence data. Non-
parametric bootstrap analysis was performed under Minimum Evolution (ME),
Maximum Parsimony (MP) and Maximum Likelihood (ML) optimal criteria using
PAUP* 4.0b 10 (Swofford, 2002) version. Starting trees were obtained by neighbour
joining for ME and ML and via stepwise addition with random sequence addition for
the MP analysis. In the Maximum Parsimony analysis, gaps were treated as missing
and of the 597 characters 144 were parsimony-informative. For all optimal criteria a
heuristic search was employed using the tree-bisection-reconnection (TBR) branch-
swapping algorithm, in addition to an exhaustive Maximum Likelihood search.

The best model of evolution for Minimum Evolution and Maximum
Likelihood analysis was determined by hierarchical likelihood ratio tests (hLRTSs)
using Modeltest v3.0 (Posada and Crandall, 1998). The General Time Reversible
model with I (GTR + I) was chosen above others as the most suitable model of
evolution for the data set. The estimations from the hLRTs were used to refine the
optimal criteria settings as follows; the proportion of invariable sites (I) was set to
0.5618, gamma distribution (the distribution of rates at variable sites) was assumed
equal, the substitution model was based on the rate matrix (Table 4) and, base
frequencies were set to A = 0.2804, C =0.2079, G=0.1735 and, T = 0.3382.

For all searches, starting branch lengths were obtained using Rogers-

Swofford approximation method and a molecular clock was not enforced.

Table 4.4. Nucleotide substitution rate matrix.

A C G T
A - 7.0 19.5 47.9
- 3.9 91.2

- 1.0

102



F.A. Solis-Marin
Chapter Four

4.3. Results
4.3.1. Systematics
Genus Pseudostichopus Théel, 1886a

Pseudostichopus Théel, 1886a: 169; Sluiter, 1901: 52-53; Hérouard, 1902: 11;
Perrier, 1902: 332; Fisher, 1907: 691; Mitsukuri, 1912: 3; Hérouard, 1923: 21-23;
Mortensen, 1927: 386-388; Deichmann, 1930: 86; Heding, 1940: 356; Imaoka, 1978:
377-378; Thandar, 1992: 164; Liao, 1997: 79.

Meseres Ludwig, 1894: 34-37.

Molpadodiademas Heding, 1935: 77-78; 1940: 357; Deichmann, 1940: 209-211.
Platystichopus Heding, 1940: 144.

Trachostichopus Heding, 1940: 357, 361; Imaoka, 1978: 380; 1990: 152.
Plicastichopus Heding, 1940: 357.

Diagnosis (emended). Body cylindrical, subcylindrical or slightly flattened ventrally.
Bodywall soft, fragile or leathery and wrinkled. Mouth subterminal directed
downwards, anal opening in a vertical furrow; from sixteen to twenty peltate
tentacles; no tentacle ampullae; stone canal connected with bodywall, sometimes
perforating it, in some species apparently absent. Ambulacral appendages cylindrical,
or conical, small and numerous especially around mouth and anus, and on the back
and ventrolateral margins of the body, sometimes distributed in pairs, which gives the
appearance of a serial arrangement. Tube feet very small and numerous, often
apparently double or triple, often distributed and most conspicuous on the
ventrolateral margins. The gonads form two tufts, one on each side of the dorsal
mesentery. The retractor muscles are developed in the posterior end of the four-
paired ambulacra, not on the mid-ventral. Ossicles in the skin rarely present, and then
only sparsely, often entirely wanting. Ossicles sometimes present in tentacles,
papillae and tubefeet, gonad and respiratory trees: branched and/or unbranched
arched rods, sacciform rods sometimes knobbed and calcareous mesh bodies of

different complexity.

Type species: Pseudostichopus mollis Théel, 1886a (by subsequent designation of
Fisher, 1907: 691).
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Remarks: the genus Pseudostichopus has a history of taxonomic uncertainty. It has
contained different genera and has been placed in different families. Heding’s (1940)
classification, which placing the genera Pseudostichopus, Benthothuria and Paroriza
within the family Gephyrothuriidae under the order Aspidochirotacea, has been

rejected by most specialists (O’Loughlin, 1998).

Pseudostichopus sp 1.
(Figures 4.1a-1)

Pseudostichopus sp. Billett, 1988: 196-197; 1991: 286, 301; Billett et al., 2001; 325-
348.

Diagnosis: a medium-sized species up to 146mm long. Conspicuous dorsal papillae,
arranged in six parallel series. Two double rows along the dorsal ambulacra and two
single rows on the dorso-lateral ambulacra. Papillae slightly longer and more
abundant in the posterior part of the body. Twenty tentacles. Calcareous ring stout,
and well developed. Radial pieces of different robustness and shape, depending on the
position in the calcareous ring. Interradial pieces of similar aspect and size. One
ventral polian vesicle. Unbranched gonads forming two tufts at both sides of the
dorsal mesentery. Ossicles of the tentacles: sacciform rods with one or two knobs and
flat or knobbed calcareous bodies of different complexity. Spicules in the gonads:
branched and unbranched arched rods with pointed ends, with one, two or three spiny
tips. Some rods with a single knobbed centre. No ossicles present in the bodywall,

papillae and respiratory trees.
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Figure 4.1. Pseudostichopus sp 1. (ICML-UNAM 5.125.0). a. Entire animal, dorsal side; b. Entire animal, ventral side;
c. Tentacular ossicles; d. Gonad ossicles; e. Irregular calcareous bodies from tentacles; f. Polian vesicle; g. One half of
left gonad; h,_;. Calcareous ring, h;. Ventral pieces, h,. Lateral pieces, h;. Dorsal pieces; i. Different morphologies of
the posterior anal lobules. Scale bars: a, b= 20mm; ¢= Sum; d= 7um, e= 1Sum, f, g= Smm; h= 10mm.

105



F.A. Solis-Marin
Chapter Four

Description: of the 1298 specimens examined (Table 4.5), the largest measures
146mm in total length (TL) and 22mm wide (W). The body is more or less fusiform,
cylindrical as a whole (Figures 4.1a-b). However, the ventral and dorsal surfaces are
somewhat flat, but the transverse section shows a somewhat arched dorsal surface.
The body surface is sometimes encrusted with foraminiferan shells and sand. Some
specimens (i.e. from St. 13078#29), either small (<20mm) or big (>100mm), are
completely covered by foraminiferans. The tegument is pale yellowish white and
opaque. It is about 2mm in thickness, and of moderate hardness.

The tentacles, 20 in number, are small, shield-shaped and coloured faint pale
yellowish. The mouth is situated ventrally on the anterior part of the body. The anus
is situated in the shallow vertical furrow on the posterior part of the body. The small
podia are arranged in two double rows and two single ones along the dorsal and
dorso-lateral ambulacra, respectively (Figure 4.1a). They vary in number between 10
and 23 along each row of the dorsal radii and between 6 and 13 in the dorso-lateral
ones, depending on specimen size. They vary little in size, with an average diameter
of 0.8mm and an average length of 0.5-1.5mm preserved. No podia along the ventral
part of the body. Ventral side completely naked (Figure 4.1b). In some individuals
longer than 100mm, the specimens appear to lack any dorsal papillae. The posterior
anal lobules can exhibit different morphology depending on the size of the posterior
dorsal podia that converge in that area of the body (Figures 4.1i;.3).

The calcareous ring consists of five radial pieces and five interradials. The
radial pieces are wide and stout, bearing different shapes depending on their position
in the calcareous ring (Figures 4.1h;3). They have two central anterior processes and
two single antero-lateral ones. The ventral radial pieces are slightly narrower on the
posterior part than on the anterior part, being 6.5mm and 5mm, respectively. Their
posterior parts are gently curved (Figure 4.1h;). The lateral radial pieces are narrower
on the anterior part than on the posterior one, 15mm and 10mm respectively, and
with a strong posterior indentation (Figure 4.1h;). The dorsal radial pieces are
narrower on the anterior part than on the posterior part, Smm and to 7.5mm,
respectively (Figure 4.1hs). The interradial pieces are wider on the anterior part than
the posterior part, Smm reducing to 3mm respectively. They have an antero-central
process and a pair of antero-lateral “wings”, the antero-lateral edge of which is

extended. The lateral side of the interradial pieces contacts with the lateral side of the
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radial pieces from the anterior to posterior ends. The posterior part is gently concave
(Figures 4.1h;3).

The stone canal is attached to the bodywall and is difficult to detect. Two
well-developed respiratory trees issue from a common base in the cloaca. The
respiratory trees reach the anterior one-third of the body length. The gonad consist of
two unbranched tufts, one on each side of the dorsal mesentery. They are slender and
long, approximately 12mm in length (Figure 5.1g). The Polian vesicle is single. It is
long and slender, from 2-3 mm in diameter and 13-15mm length (Figure 4.1f).
Tentacular ampullae are absent.

Ossicles are exclusively rods, in the tentacles and gonads only. No ossicles
are present in the bodywall or podia. The tentacular rods (Figures 4.1c, 2e) are very
numerous and can be of two types: slender, spiny-bifurcated (from 3 to 11 pum), and
smooth-slender with a central knob (fiom 3.1 to 17um). Some rods are slightly bent.
It is very common to find irregular flat or knobbed bodies, up to 8pm, of different
complexity in the tentacles (Figure 4.1¢). The rods in the gonads are smaller (from 6
to 15um) and thinner, with short processes near the extremities (Figure 4.1d). A

central knob is present in some of the smaller ones (10um).

Table 4.5. List of material examined.

Station No. of Total ‘Width
number specimens length (mm)
(mm)
max min median max min median

52701#42 85 115 30 72 19 9 18
12930#46 53 114 30 75 33 8 25
12930#78 82 116 34 74 20 11 20
13078#29 183 117 29 71 27 10 20
13627#10 68 109 40 72 27 10 17
5490145 97 123 39 75 35 11 21
54901#7 2 95 89 - 23 20 -
54901#9 111 107 38 69 32 11 20
54903#1 545 100 20 58 43 5 17
54905#1 72 95 70 71 27 16 18

Note: see also appendix 2, Table 12.
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Distribution: North East Atlantic, Porcupine Abyssal Plain (Billett ez al., 2001).
Bathymetric distribution: from 4350 to 4880m.
Holotype: NHM 2001.7066 (1 specimen, TL= 84mm, W= 25mm).

Paratypes: NHM 2001.7067-7069, all measurements are in mm (3 specimens,
TLinax=103, TLmin= 60, median= 78, Wax= 21, Wyin= 14, Wiegian= 18); USNM (3
specimens, TLmax=92, TLumin= 67, median= 76, W= 30, Wyin= 16, Winegian= 22);
ZMC, HOL 00156 (3 specimens, TLya=80, TLnin= 66, median= 74, W= 24
Wiiin= 22, Wiedian= 23); ICML-UNAM 5.125.0 (3 specimens, TLpax=97, TLmin= 67
median= 80, Wiax= 24, Wiin= 17, Wiedian= 20); Southampton Oceanography Centre,

>

2

Discovery Collections (3 specimens, TLuax= 81, TLyin= 61, median= 73, W= 24,
Winin= 17, Wmedian= 20)

Type locality: RRS Discovery St. 54901#5, 28th April 1999, OTSB 14, from 48°
44.87°N, 16° 40.53’W to 48° 48.16°N, 16° 36.24’W, from 4835 to 4838m depth.

Remarks: Pseudostichopus sp. 1 is a species typical of the Porcupine Abyssal Plain
(Billett ef al., 2001, referred as Pseudostichopus sp.). A variety of egg sizes are
present in any one ovary and the egg size is similar in samples taken at different times
of the year. The maximum egg size is about 300um (Billett, 1991). Continuous
reproduction with development via an abbreviated lecithotrophic larval stage is likely
(Billett, 1991). Two specimens in a sample of: 545 individuals (St. 5490#1) showed
scars created probably by a commensal actiniarian Kadosactis commensalis
(Bronsdon, et al., 1993, 1997). These scars were located near the anterior and
posterior ends. The abundance of: Pseudostichopus sp. 1 in the Porcupine Abyssal
Plain, reported by Billett ez al. (2001), ranged from 2 to 461 individuals per hectare
(trawl samples). Along with Amperima rosea, Ellipinion molle, Psychropotes
longicauda and Peniagone diaphana, Pseudostichopus sp. 1 has contributed to the
radical, long-term faunal composition changes in the megabenthos of the Porcupine
Abyssal Plain (Billett ef al., 2001) in recent years. Changes in megafauna abundance

may be related to food supply rather than stochastic population variations (Billett ef
al., 2001).
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4.3.2. Molecular analysis

The overall length of the amplified mitochondrial DNA products varied between 610
base pairs (Pseudostichopus villosus) and 690 base pairs (Pseudostichopus sp. 1) at
the 3’ end of the gene. The consensus DNA sequences of the amplified fragments
have 597 base pairs (Figure 4.2) the sequences have been submitted to the GenBank
data base (acc. nos. AF486430 - AF486433).
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Figure 4.2. Aligned nucleotide sequence of the 3’ segment of the mitochondrial COI gene from
4 species of sea cucumber. Dots indicate identical nucleotides. If, Isostichopus fuscus, Pv,
Pseudostichopus villosus; Pa, Pseudostichopus sp. 1, Pm, P. mollis.

The identity of the partial sequence of the COI gene was confirmed by
similarity of the peptide sequence to the COI gene of the sea urchin,
Strongylocentrotus purpuratus (Jacobs et al., 1988) and the COI data from
holothurians published by Arndt ef al. (1996) (GenBank Acc. Nos. U31901, U32210-
U32221, U32198 and U32199). The sequence containing the putative COI gene
fragment was translated using the echinoderm codon table (Himeno ef al., 1987). The
resultant amino acid sequences of the sea cucumber COI fragment are aligned in
Figure 5.3. The COI gene is assigned ATG as the initiation codon. All specimens of
the same species have identical amino acid sequences. The number of amino acid
differences among the Pseudostichopus species ranges from 4 to 18. The maximum
difference (18) occurs between P. villosus and P. mollis. There are only 7 amino acid

differences between Pseudostichopus and Isostichopus.
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Figure 4.3. Inferred amino acid sequences for the sea cucumber Cytochrome Oxidase 1 gene
fragments. The echinoderm mitochondrial codon table (Himeno ef al., 1989) was used to translate
the nucleotide sequences. Dots indicate identical amino acids. Abbreviations as in Figure 4.2.

The average contributions of bases across the studied sequences were A=
27%, C= 20%, G= 17%, and T= 34%. No significant differences in base composition
across the 4 taxa were detected (x*= 10.16; df=39; P > 0.999).

In the Pseudostichopus group, the GC content of the sea cucumber COI gene
fragments ranged from a low of 30% in P. mollis to a high of 37% in Pseudostichopus
sp. 1 and P. villosus, with an average of 35%. As reported for numerous organisms,
including a number of other echinoderms (Jacobs et al., 1988; Cantatore ef al., 1989;
Asakawa et al., 1991; Arndt et al., 1996), the proportion of guanine (G) in the third
position was low (6-11%) with a corresponding increase in adenine (A) to an average
of 45%.

There is no significant intraspecific divergence between regions of the COI
gene (0.06%). For the COI gene, the observed directional mutation pressure results in
a restricted substitution pattern where C«>T transitions and transversions involving A
predominate. Table 4.6 represents the average pairwise GTR + SSR distances matrix
for the studied COI sequences. Pseudostichopus sp. 1 shows a degree of genetic
divergence from P. villosus, comparable to the pairwise distances between P. mollis

and P. villosus.
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Table 4.6. Holothurian Pairwise Distances Matrix'.

2 If10 If1S Ifi If4 17 Pv6e Pvi Pvl PaS Pa8 Pa2 Pal Pm

2 -

If10 0.20

If15 012 016

If1 016 012 012

If4 0.08 020 012 0.16

If7 023 012 020 016 0.23

Pv6 036 023 031 028 036 020

Pv7 036 023 031 028 036 020 0.08

Pvl 031 020 028 023 031 0l6 012 012

Pas 0.40 028 036 031 040 023 028 028 023

Pa8 0.44 031 040 036 044 028 031 031 028 0.12

Pa2 044 031 040 036 044 028 031 031 028 012 008

Pal 036 023 031 028 036 020 023 023 020 012 0.16 0.16
Pm* 031 020 028 023 031 016 020 020 016 0.16 020 020 012 -

! Average pairwise GTR + SSR distances.

*Distances calculated between consensus sequences and COI GenBank Accession Nos. U31901, U32210-U32221,
U32198 and U32199. Abbreviations: If, Isostichopus fuscus;, Pv, Pseudostichopus villosus, Pa, Pseudostichopus sp.
1; Pm, P. mollis.

Minimum Evolution, Maximum Parsimony and Maximum Likelihood
(heuristic search) analyses produced identical 50% majority-rule bootstrap consensus
tree topologies, with varying bootstrap values (Figure 4.4a). The Maximum
Likelihood exhaustive search produced a very similar phylogenetic tree differing
only in the intraspecific relationships of Pseudostichopus sp. 1. Of the 135135 trees
evaluated in the exhaustive search, a single tree was retained with the best score of —

InL 1834.16 (Figure 4.4b).
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Pa2
Pa2
71/60 Pas Pag

100/100
— Pas Pa$s
98/98

Pal s Pal
Pm Pm

Pv7
91/76‘ l Pv7
100/100 Pvé Pvé
Pvl —Pvl
If7 1f7

Figure 4.4a. Minimum Evolution (ME) and Maximum Figure 4.4b. Maximum Likelihood exhaustive
Parsimony (MP) 50% majority-rule bootstrap consen- search tree. Abbreviations as in Figure 4.4a.

sus tree topologies. Bootstrap values are given for ME

and MP respectively. Abbreviations as In Figure 4.2.

If, Isostichopus fuscus, Pv, Pseudostichopus villosus;

Pa, Pseudostichopus sp. 1, Pm, P. mollis.
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4.4. Discussion and conclusions

Mortensen (1927) recorded seven species of Pseudostichopus from the North
East Atlantic: P. atlanticus R. Perrier, from 42° 19°N, 23° 36’W, 4060-4068m; P.
depressus Hérouard, 39° 54’N, 20° 17°W, 4360m (“Princesse Alice”; only one
specimen known); P. globigerinae Hérouard, Bay of Biscay, 4380m (“Princesse
Alice”), P. lapidus Hérouard, off Azores, 4020m (“Princesse Alice”; only one
specimen known); P. marenzelleri Hérouard, 36° 54’N, 20° 46’W, 4400m
(“Princesse Alice”); P. occultatus Marenzeller, off N.-W. Spain, 500m (“Hirondelle”),
also found in the Mediterranean, 415-1445m; P. villosus Théel, 37° 16’N, 20° 11’W,
4275m (“Princesse Alice”), otherwise of cosmopolitan distribution, 2600-5300m.

Perrier (1901), Deichmann (1930) and Billett (1988) had suggested the
synonymy of P. atlanticus and P. villosus. The last author mentioned that there is a
“gradation” in form from typical P. atlanticus to some specimens that are comparable
to P. villosus sampled by the HMS Challenger Expedition in the Pacific (Théel,
1886). These specimens were analysed by Billett (1988) at the Natural History
Museum, London, and only the smallest specimens (<30mm TL) can be said to be
true “villosus” or hairy. I analysed the type series of P. atlanticus at the Paris Museum
(Holotype MNHN EcHh 2772, Paratypes MNHN EcHh 2773). I also conclude that P.
atlanticus is synonymous with P. villosus sharing exactly the same shape of body,
tentacles, Polian vesicle, respiratory trees, gonad tubules, calcareous ring and
tentacular ossicles.

Deichmann (1930) was the first author to suggest the synonymy of P.
globigerinae and P. villosus. The holotype of P. globigerinae is a juvenile form that
measures 30mm TL. Hérouard (1923) states that his specimen was a juvenile because
of its size and because the gonads were not developed. An examination of Dr.
Cherbonnier’s slide collection (MNHN, Paris) shows that the tentacle ossicles of the
holotype of P. globigerinae (Museum of Monaco, “Princesse Alice”, St. 2964,
4380m, Year 1910) are exactly the same of those found in juveniles of P. villosus of
approximately the same size. It is concluded that P. globigerinae is synonymous with
P. villosus sharing exactly the same shape of tentacular ossicles and external body
shape when comparing individuals of the same body size.

The list of Pseudostichopus species known from the North Atlantic, based on

this revision with the new species added, is as follows (in alphabetic order):
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Pseudostichopus sp. 1.

P. depressus Hérouard, 1902

P. lapidus Hérouard, 1923

P. marenzelleri Hérouard, 1923
P. occultatus Marenzeller, 1893a

P. villosus Théel, 1886a

Pseudostichopus sp 1 differs from P. marenzelleri in the lack of small thread-
like appendages over whole body. Also, in P. marenzelleri, ventral papillae form
irregular groups around the mouth and in the inferior third of the body. These were
not apparent in Pseudostichopus sp. 1.

Pseudostichopus sp. 1 has ossicles in the gonad wall. This is unlike P.
occultatus. In addition, the shapes of the tentacle ossicles in the two species are
different. Moreover the calcareous ring is short and stout in Pseudostichopus sp. 1 and
tall and thin in P. occultatus.

P. depressus and P. lapidus lack ossicles in any internal organ, unlike
Pseudostichopus sp. 1. Moreover, the general body shape of P. depressus is
completely different to Pseudostichopus sp. 1. In P. depressus the body is flat with a
marginal rim while in Pseudostichopus sp. 1 it is more cylindrical, although it does
have a flat ventral surface.

P. lapidus differs from Pseudostichopus sp. 1 in having a row of 25 ventral
tubefeet along the lateral edge of the body. These are restricted to the middle part of
the body. Moreover, P. lapidus possesses one row of papillae along each dorsal
radius, with 4 papillae in each row.

Pseudostichopus sp. 1 differs from P. villosus in the general external body
shape appearance. Pseudostichopus sp. 1 possesses a well defined flat ventral region,
while P. villosus is much more rounded, and does not have a well-defined ventral
region. Pseudostichopus sp. 1 has well-developed dorsal papillae arranged in double

rows, but these are absent in P. villosus.

The distinguishing diagnostic characters of Pseudostichopus sp. 1 are:

1) the presence of dorsal papillae arranged in 2 double rows along each

radius,
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2) the shape of the ossicles in the gonads - irregular bodies and rods with
short processes near the ends,
3) the shape of the ossicles in the tentacles - slender, spiny-bifurcated and

smooth-slender rods with a central knob.

The nucleotide distance between Pseudostichopus sp. 1, P. villosus and P.
mollis is COI: d=39%, sufficient to support distinct species status. In sea cucumbers, a
COL: d=15% is enough to identify a distinct species status, as argued by Lambert
(1985) and Arndt e al. (1996). Therefore, based on partial sequences of the COI gene
from sympatric specimens and ossicle morphology, we conclude that P. villosus and
Pseudostichopus sp. 1 are not conspecific.

There are only 7 amino acid differences in the DNA sequences of the
mitochondrial gene COI gene between the aspidochirotid families Synallactidae
(Pseudostichopus spp.) and Stichopodidae (Isostichopus fuscus) (Figure. 5.2). Other
pairwise amino acid comparisons between families and orders of sea cucumbers show
differences ranging from 11 to 31 amino acids (Arndt et al., 1996). The difference in
the number of amino acids within the Pseudostichopus species ranged from 4 to 18.
This is higher than that found by Arndt ef al., (1996) within the family Cucumariidae,
were it ranged from 1 to 8.

The large variation in amino acids in the species of Pseudostichopus shows
that the intergeneric relationships within Synallactidae are possibly confused. This is
reflected in the trichotomy of the unrooted tree (Figure 4.4a). However, in relation to
P. villosus and Pseudostichopus sp. 1 the phylogenetic analysis clearly supports
separate species status of these sympatric morphotypes (Figure 4.4b), as indicated by
the morphological analysis. P. villosus forms a distinct and separate clade to
Pseudostichopus sp. 1 and P. mollis in all tree topologies with bootstrap values of
100%. Pseudostichopus sp. 1 is also well supported as a monophyletic clade by 100%
bootstrap values. P. mollis appears as the sister group to the Pseudostichopus sp. 1
clade with bootstrap values of 98% and 100% (Figure 4.4a). The trees are all rooted
with Isostichopus fuscus as the outgroup. No further assumptions can be made on the
intrageneric relationships of P. villosus, P. mollis and Pseudostichopus sp. 1. These
preliminary findings suggest that molecular analysis on the inclusive species of the

Pseudostichopus genus is required to clarify the current controversial taxonomic
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classification of the genus, and possibly as a result of these initial results, of the
inclusive families of the Aspidochirotida.

The genus Pseudostichopus is a taxon where external morphology and ossicle
shape simplicities have led to uncertainties in the taxonomy at the species level. The
recognition of new species using morphological and molecular characters together

will bring a better understanding on the systematics of this group.
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Chapter Five — Systematics of the Synallactidae

Diagnosis, descriptions, taxonomic keys and figures of synallactids are scarce and
are almost exclusively found in some monographs from the various large deep-sea
expeditions. Because of the lack of such records, a major taxonomic revision of the
family Synallactidae was needed. In this chapter I deal with the syétematics of the
Synallactidae. This is the first attempt ever made to review the whole family and unite it

under a unified taxonomic name.

Class Holothuroidea
Subclass Aspidochirotacea
Order Aspidochirota Grube, 1840
Family Synallactidae Ludwig, 1894

Synallactidae Ludwig, 1894; 8, 26, 38; Perrier, 1898: 1665; 1902: 299; Koehler & Vaney,
1905: 9; Mortensen, 1927: 377, Deichmann, 1930: 85; Heding, 1940: 330-331;
Cherbonnier, 1952: 473; Pawson, 1963: 89; 1982: 816; Thandar, 1992: 160; 1999: 376;
Madsen and Hansen, 1994: 76; Rowe & Gates, 1995: 328; O’Loughlin, 1998: 497.

Diagnosis. Body usually flattened, with a ventral sole with ambulacral feet, dorsal surface
with papillae. Head of the stone canal usually in connection with the bodywall, sometimes
opening outwards through it. Respiratory trees well developed, usually not connected
with the alimentary canal through a rete mirabile. Tentacular ampullae absent. No
Cuverian organs. Gonad in one or two tufts. Ossicles. Tables, C-shaped ossicles, rarely

buttons, sometimes completely absent from bodywall.

Remarks. A heterogeneous group of Aspidochirotida, characterized by their lack of free
tentacle ampullae. Disk of tentacles little modified, often with a few marginal lobes.
Formerly the family contained approximately 23 genera (10 are monotypic), and 144

species (around 10% of the worldwide known species of holothurian). The present thesis

120



F.A. Solis-Marin
Chapter Five

reduces the number of valid genera went down to 10, including 131 valid species. The
group appears to be primitive, with some species having a surprising similarity to the
more advance Elasipodida, while other forms resemble shallow water Aspidochirotida,

Dendrochirotida or even Molpadiida.

First occurrence in the fossil record: Priscopedatus triassicus, from the Middle Triassic

[250 million years] (Simms, ef al., 1993; Gilliland, 1993).
Genus Amphigymnas Walsh, 1891
Amphigymnas Walsh, 1891: 199; Deichmann, 1930: 106; 1954: 387.

Diagnosis (modified from Walsh, 1891 and Deichmann, 1930). Body elongated. Skin
thin, glass-like, filled with large deposits derived from tables. Tentacles 15-20. Dorsally
large conical papillae, ventrally a lateral row of large conical pedicels, and a midventral
row of smaller ones, packed with numerous supporting rods and a rudimentary end plate.
Ossicles. Tables with spire three or four pillared with 1-2 cross beams and no teeth on

top, often reduced or entirely absent, so the large plates resemble the plates found in the

deimatids.

Type species: Amphigymnas multipes Walsh, 1891 (Walsh never specified the type
species, Deichmann did it in her 1930 paper).

Remarks. This genus is represented by 2 species.
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Amphigymnas bahamensis Deichmann, 1930

(Figures 1-6 in CD)

Amphigymnas bahamensis Deichmann, 1930: 107-108, Pl. 9, fig. 8, PL. 10, figs. 1-6;
1940: 189-190, PI. 32, figs. 1-10; 1954: 387.

Diagnosis (modified from Deichmann, 1930, 1940). Body elongated, with four rows of
large dorsal papillae, a lateral row of still larger papillae and a midventral double row of
small tubefeet. Tentacles 20, mouth ventrally placed, anteriorly overhung by the dorsal
papillae; anus terminal. Skin thin, parchment like or more thick and gelatinous, according
to the degree of contraction, rough to the touch. Ossicles. Large tables with well-
developed disk, mostly with four large central holes and a varying number of smaller
marginal holes. Spire mostly four-pillared and of varying height often partly reduced.
Besides a number of smooth perforated plates are present with holes approximately
uniform in size. Feet with or without an end plate and with numerous supporting rods,
often with dentate edge, and smaller tables with 3-4 short pillars in the spire. In the dorsal

papillae tables of varying size and curved supporting rods, but apparently no end plate.

Material examined. See appendix 1, Table 1.

Type material. Holotype, USNM 14718; Paratypes, 3 specimens, USNM E53253; 1
specimen, ZMUC.

Type locality. North Atlantic Ocean, Georgia, Cumberland Island, Albatross St. 2666
between Bahamas and Cape Fear, 30° 47 30” N, 79° 49’ 00” W, 493m, 5 May 1886.

Geographic distribution. Type locality, waters around Cuba, Florida and Colombia. In

the Gulf of Mexico was taken at the south of the Mississippi Delta.

Bathymetric distribution. 408-802m.
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Remarks. It is possible that the perforated plates mentioned by Deichmann (1940)
represent a juvenile character that gradually disappears with increasing size. The type
specimens may be immature animals. With increasing size larger tables gradually
dominate. The ossicles of the few specimens that have been examined show great

variation, but there seems no doubt that they all belong to the same species.

Amphigymnas multipes (Walsh, 1891)
(Figures 7-10 in CD)

Pannychia wood-masoni Walsh, 1891: 198-199.

Amphigymnas multipes Walsh, 1891: 199.

Synallactes reticulatus Sluiter, 1901a: 9-10; 1901b: 46-48, P1. 3, figs. 1-2, PL. 8, figs. 9a-
c.

Synallactes woodmasoni, Koehler & Vaney, 1905: 14-16, Pl. 9, figs. 26-30.

Diagnosis. Body elongated, with four rows of large dorsal papillae, a lateral row of still
larger papillae and midventral double row of very short tubefeet. Tentacles 20, mouth
ventrally placed, anteriorly overhung by the dorsal papillae; anus terminal. Skin thin.
Respiratory trees well developed. Ossicles. Table discs with four large central holes
surrounded by a certain number of peripheral ones of smaller diameter. The other ossicles

are flat, wide rods, sometimes with branched ends.
Material examined. See appendix 1, Table 2.
Type material. Walsh (1891) never named the type.

Type locality. Indian Ocean, Andaman Sea, 11° 31’ 40” N, 92° 46’ 40” E off Dyer Point
and N. of Clinque Island.

Geographical distribution. Type locality; Bay of Bengal, Philipines; Indonesia,

Malaysia; New Guinea (record from Synallactes woodmasoni Madsen, 1953).
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Bathymetric distribution. 290-3295m.
Biological information. This species have been found on green mud.

Remarks. Walsh (1891) doesn’t present any drawings of this species. He describes the
species using only one specimen and with no figures at all. To the naked eye this species

resembles a deimatid in its external appearance.
Genus Bathyplotes Ostergren, 1896 [new comb.]

Bathyplotes Ostergren, 1896: 351-352; Perrier, 1902: 345-350; Fisher, 1907: 687;
Mortensen, 1927: 383; Deichmann, 1930: 99-100; 1940: 186; 1954: 386; Heding, 1940:
342-343; Pawson, 1963: 89; Gutt, 1990: 120; Madsen and Hansen, 1994: 79.

Herpysidia Perrier, 1898: 1665; 1899: 247; 1902: 352.

Bathyherpystikes Sluiter, 1901a: 5; 1902: 358-359.

Kareniella Heding, 1940: 349.

Diagnosis. Synallactidae with 15-20 tentacles; mouth ventral, anus dorsal, subdorsal or
nearly terminal. Skin rather thick. Body with sole-like ventral side, usually with marginal
appendages; midventral ambulacrum naked or provided with a few tubefeet; ventrolateral
ambulacral with tubefeet in a single row or more. Dorsally, papillae more or less
distinctly in rows. Tubefeet well developed ventrolaterally, but are often lacking
midventrally. Dorsal side with double row of papillae along each radius. Musculature in
most cases undivided; genital organs in two tufts, located on both sides of mesentery.
Calcareous ring weakly developed, sometimes completely absent. Ossicles. Tables with
cross shaped disc and a spire built up of 4 rods, usually with several cross beams; “C”
shaped bodies maybe present. Ossicles in tentacles, simple or branched rods, sometimes

smooth, sometimes spiny.

Type species: Bathyplotes natans (Sars, 1868) by original designation.
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Remarks. This cosmopolitan genus is represented by 19 valid species. It is closely related
with Synallactes but differs from it in having an ossicle stem formed by 3 or 4 pillars
united by one or several beams. Known bathymetric range is from 60m (B. rubicundus
Sluiter) to about 3000m (B. profundens Koehler and Vaney).

Deichmann (1940) was the first to suggest the synonymy of the genus
Bathyherpystikes with Bathyplotes, based on a comparison of Bathyplotes bigelowi with
Bathyherpystikes punctatus Sluiter. Later, Rowe (1989) and Rowe and Gates (1995)
included the genus Bathyherpystikes Sluiter, 1901a and Kareniella Heding, 1940 as a
synonym of Bathyplotes. There are some Bathyplotes species that are difficult to
distinguish because they overlap in details of ossicle shape, such as B. roseus, B.

variabilis and B. crenulatus.

Bathyplotes angustus (Cherbonnier & Féral, 1981) [new comb.]

Synallactes angustus Cherbonnier & Féral, 1981: 377 textfig. 12, figs. A-M.
Not Synallactes angusta Cherbonnier & Féral, 1981: 358 (list).

Diagnosis (after Cherbonnier and Féral, 1981). Cylindrical body, dorsal face slightly
curved, ventral face flattened. Skin very thick. On the ventro-lateral radii the podia lay out
in two longitudinal rows. On the edge of the ventral face, a row of large conical papillae.
Mouth and anus ventral. 20 tentacles. Calcareous ring with broad radial pieces and very
thin interradial pieces. One Polian vesicle. Gonads in two simply tufts. Ossicles. Those
from the ventral tegument definitely different from those of the dorsal tegument. In the
ventral tegument they are represented by plates with a very broad disc with four large
central holes with perforated extremities, the central main perforation is surrounded by a
circle of smaller holes, with a variable number of very small holes located at the
periphery; many tables have incomplete disc; all these tables are provided with a stem
formed by 4 pillars, top of the spire crown by a tuft of small spines. The tables of the
dorsal tegument have a larger disc, surrounded by four hexagonal central holes with an
external circle of smaller and irregular holes; their stem has four pillars, and is higher than

that of the tables from the ventral tegument, but less spinous. The ventral tubefeet have
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simple supporting rods and a calcareous end plate. The rods of the tentacles are very

large, simple, or with a central perforated apophysis, and can be transformed into pseudo-

plates.
Material examined. See appendix 1, Table 3.
Type material. Holotype, MNHN 3022.

Type locality. Musorstom St. 50, North West Pacific Ocean, Philippines, 13° 49’ 2”N,
120° 01’ 08”E, 510-515m, 25 Feb 1976.

Geographic distribution. Only known from its type locality.
Bathymetric distribution. 510-515m.

Remarks. Synallactes angusta Cherbonnier and Féral, 1981 maybe a misspelling of the
name of this species (see Cherbonnier and Féral, 1981: 358). The International Zoology
Code (Article 19) states that multiple original spellings that become incorrect by the
choice of a first reviser cease to be available names. I state that the name Synallactes

angustus Cherbonnier and Féral, 1981 should be conserved.

Bathyplotes bigelowi Deichmann, 1940
Bathyplotes bigelowi Deichmann, 1940: 187-1809, pl. 31, figs. 1-2; 1954: 387.

Diagnosis (after Deichmann, 1940). Strongly flattened body with a continuous lateral
brim of papillae interrupted only at the posterior end. Mouth ventral with 20 tentacles
surrounded by a strong sphincter, anus terminal or subventral. Ventral side with
cylindrical tubefeet scattered without order, most numerous on the posterior part of the
ventrum;, a varying number of small “fungiform” papillae are present, forming two

longitudinal rows. Dorsal side with two median rows of papillae often completely
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retracted, and besides a few smaller papillae irregularly distributed. One Polian vesicle, a
delicate stone canal embedded in the dorsal mesentery. Respiratory trees well developed,
with short lateral branches. The gonads form two clusters of dichotomously divided tubes,
attached closely behind the calcareous ring and opening dorsally near the attachment for
the stone canal. Skin rough to the touch on account of the large number of ossicles.
Ossicles. A crowded layer of: large tables with delicate lace-like disks with four large
central holes and several smaller marginal holes; spire tall with four rods, several cross-
beams and spine on the sides. Ventral tubefeet with small end plate and curved supporting

rods. Dorsal papillae lacking end plate.

Material examined. None.

Type material. Holotype in MCZ (Deichmann, 1954).

Type locality. Atlantis, St. 2323, 22° 00’N, 81° 09°30”W, Near Bahia de Cochinos, Sta.
Clara province, southern Cuba, 4 March 1939, 522-576m (Deichmann, 1954).

Geographic distribution. Caribbean Sea, Cuba (Deichmann, 1954). So far it has been
reported only in the Guif of Mexico, from the northwest coast of Cuba, but it will

undoubtedly prove to belong to the fauna of the waters around Yucatan (Deichmann,
1954).

Bathymetric distribution. 396-576m.

Remarks. Its appearance, B. bigelow resembles B. natans, but has two bands of: large
fungiform papillae on the ventral side, and the ossicles are large delicate tables usually
with a circular disk with large holes in the ends of the four arms. B. bigelowi differs from
B. natans and B. pourtalesi in its terminal or subventral anus and its crowded layer of

ossicles, which consists of tables with a complet disck.
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Bathyplotes bongraini Vaney, 1914

Bathyplotes bongraini Vaney, 1914: 5-8, Pl 1, fig. 4, Pl 2, figs. 4, 7-9 and 11-12;
O’Loughlin, 2002: 301-303.

Bathyplotes moseleyi, Ekman, 1925: 25-28, fig. 3.

Bathyplotes fuscivinculum Gutt, 1990a: 121-123, figs. 4-6, P1. II; 1991b: 324,
Bathyplotes sp. MoV 2018, O’Loughlin ez al., 1994: 553-554.

Diagnosis (after Vaney, 1914). Body slightly flattened. Bodywall thin and pliable. The
mouth is ventral and almost final. Anus subterminal. 19 tentacles. A ventral sole well
delimited by a series of lateral papillae along over the entire length of the body and
continuing, ahead above the circle of the tentacles. Ventrally, a series of 3 to 4
longitudinal rows of small pedicels. Dorsally, 12 appendices are spread out along each
dorsal radius; they are more or less arranged according to a double alternate row. Most
papillae are cylindrical. Respiratory trees well developed. 2 gonads, one Polian vesicle.
Ossicles. Tables of characteristic form; the disks are cross- or star-like, with three arms
radiating from a common centre, and with the ends of the arms enlarged and pierced with
holes; sometimes the enlarged ends of some or all of the arms are connected with one
another, thus constituting a perforated plate; the spire is composed of four stems, and a
transverse beam connected at the top. Ventral tubefeet with small tables similar to the

ones in the bodywall and supporting spiny rods with bifurcated ends.
Material examined. See appendix 1, Table 4.
Type material. Holotype, MNHN.

Type locality. Western side of Antarctic Peninsula, 68° 00” S, 70° 20° W, 250m, 21 Jan
1909 (after O’Loughlin, 2002).

Geographic distribution. Western Antarctica, Wedell Sea (Gutt, 1991, as B.

Sfuscivinculum); western side of the Antarctic Peninsula. Eastern Antarctica, Prydz Bay.
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Bathymetric distribution. 120-768m.

Bathyplotes cinctus Koehler & Vaney, 1910
(Figures 11-15 in CD)

Bathyplotes cinctus Koehler & Vaney, 1910: 91, P1. 1, figs. 1-10; Heding, 1940: 343-345,
textfig. 9, figs. 1-20.

Bathyplotes mammillatus Heding, 1940: 345-346, textfig. 10, figs. 1-22 [new synonymy].
Bathyplotes elegans Heding, 1940: 346-347, textfig. 11, figs. 1-16 [new synonymy].

Diagnosis. Body oval and flattened, mouth ventral, anus dorsal. Medium ventral region
with 2 pedicels irregularly distributed in longitudinal rows. Lateral parts of the ventral
sole with a series of ambulacral pedicels. On the edge of the ventral sole there are some
big papillae with a big base, more or less contiguous, forming a lateral fringe. At the front
they form a peri-bucal ring with about 20 lobes. On the dorsal face, big papillae. 1 Polian
vesicle. Ossicles. Quadri-radiate bodies with broad, perforated distal extremities. Central
spire of the ossicle formed by 4 convergent stems. Top of the spire with some spines.
Stems joined by 3 or 4 beams. In the dorsal papillae this quadri-radiated ossicles are more
elongated and the beams are closer to the top. “C” shaped bodies. Ventral pedicels with
bent rods, some spines either at the top or along their edge. Dorsal papillae with similar

rods, with more spines.

Material examined. See appendix 1, Table 5.

Type material. Location unknown.

Type locality. Indian Ocean, Investigator, St. 332, 10° 21’N, 92° 46’E, 502m.
Geographic distribution. Type locality and North Pacific Ocean, Philippines.

Bathymetric distribution. 450-768m.
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Remarks. This species was described by Koehler and Vaney (1910) from a single small
specimen (80mm L). Heding (1940) described B. mammillatus using only 2 pieces of skin
from the dorsal and lateral bodywall. During a visit to the ZMUC collection, I reviewed
the holotype material and found a complete specimen of this species (including internal
organs) identified by Heding. It is strange that Heding (1940) never mentioned this
specimen and on his diagnosis he could assert the position of the mouth and anus using
only skin fragments. Following the examination of the type material and the whole
specimen identified by Heding, I can state that B. mammillatus Heding is synonymy of B.
cinctus Koehler and Vaney. They share the same shape of calcareous ring, and ossicles.
Both species have the big papillae on the dorsal side and an anal slit. The ossicles
illustrations presented by Heding (1940) for B. mammillatus happen to be just ossicle
variation present in B. cinctus.

Reviewing the holotype of B. elegans, ZMUC (no catalogue number), shows that
although Heding (1940) stated that he described this species from only one specimen,
there are 2 specimens in the type jar belonging to the same species. In this last specimens
I was able to see the calcareous ring and make a comparison with B. mammillatus. The
two calcareous rings were similar. Externally this specimen resembles B. mammillatus
and B. cinctus. The only difference that 1 noticed in B. elegans Heding was the presence
of numerous big C-shaped ossicles, but this may be just a variation of ossicles that

depends on where the bodywall sample was taken.

Bathyplotes crebrapapilla (Cherbonnier & Feéral, 1981) [new comb.]

Synallactes crebrapapilla Cherbonnier & Feral, 1981: 375, textfig. 11, figs A-Q.

Diagnosis. Body cylindrical, slimming slightly towards the posterior end. Tegument very
folded. Mouth ventral, encircled by a half-circle of small dorsal papillae. The anus is
terminal. 20 tentacles. The ventral surface is crossed by a median furrow, arrangeg with
two subcylindric podia, approximately 150 by row; these podia terminate in a broad
suction cup supported by a calcareous disc of 580-600u of diameter. Both interradius are

occupied by a double row of papillae of 6-8mm length, fewer than the podia. On the
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edges of the dorsal face, two rows of 40 papillae reaching 20mm length. On the radii, the
papillae are not longer than 8-10mm. The interradius is naked. One Polian vesicle.
Gonads in two tufts of very large simple tubes. Ossicles. Tables of different sizes,
generally formed by a short spire with four pillars. These tables reach a very big size in
the dorsal bodywall, and cruciform bodies with irregular spires. The bodywall of the

ventral podia is supported by widened rods perforated in the centre. Rods in tentacles can
be thin and simply or broad and perforated.
Material examined. See appendix 1, Table 6.

Type material. Holotype, MNHN 3009.

Type locality. Valdivia, St. 50, Philippines, 13° 49’ 2”N, 120° 01’ 08”E, 415-410m, 25
March 1976.

Geographic distribution. Only known from its type locality.

Bathymetric distribution. 415-410m.

Bathyplotes crenulatus Koehler & Vaney, 1905

Bathyplotes crenulatus Koehler & Vaney, 1905: 23-25, P1. 10, figs. 4-8.
Non Bathyplotes crenulata Koehler & Vaney, 1905: 2 (list).

Diagnosis (after Koehler & Vaney, 1905). Body strongly flattened. Mouth ventral, anus
dorsal. 17 tentacles. The lateral edges of the ventral side are soft and gelatinous and are
strongly inflate. The median ventral radius is naked. Along the whole length of the ventral
radius there are retractile pedicels laid out irregularly in three or four rows; these rows
continue to either side of the mouth where they form a single row. The dorsal face is more
or less wrinkled and does not show the least trace of appendices. Ossicles. On the

bodywall of three kinds: tables, “C” shaped bodies, and spiny rods. The base of the tables
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sometimes forms a cross with four branches and sometimes forms a wheel with four or

five rays. The distal tip of the prolongations can be united by a contiguous circular,

indented rim.

Material examined. None.

Type material. Location unknown.

Type locality. Indian Ocean, Investigator, St. 222, 13° 27°N, 93° 14’ 30”E, 729m.
Geographic distribution. Only known from its type locality.

Bathymetric distribution. 72%m.

Remarks. B crenulatus is distinguished from all the Bathyplotes species described by the

total absence of appendices on the dorsal surface.

Bathyplotes goldenhindi Mitsukuri, 1912
Bathyplotes golden-hindi, Mitsukuri, 1912: 26-31, P1. 2, figs. 16-17; textfig. 6.

Diagnosis (after Mitsukuri, 1912). Body subcylindrical; dorsum convex and ventrum flat.
Mouth ventral, 20 tentacles of uniform size. Anus dorsal. In active life there is probably
some slight marginal border; a single series of large transparent papillae which surround
the whole body extending anteriorly dorsal to the mouth and posteriorly ventral to the
anus. There was a slight neck-like constriction separating the anterior head-like portion
from the rest of the body (this contraction is lost in preserved specimens). Ventrally, the
median ambulacrum is entirely naked, with a deep groove. There is a zone of pedicels
formed by two irregular rows on each side, inside the marginal papillae. Anteriorly, they
stop at the neck-like constriction, and do not extend into the head-like portion. Dorsally

the marginal papillae are irregularly distributed in two irregular longitudinal zones, each
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corresponding to one of the dorsal ambulacral zones. Two genital tufts, branched.
Calcareous ring weakly developed. One Polian vesicle, long and cylindrical. Respiratory
trees well developed, extending to about the middle of the body. Ossicles. “C” shaped
bodies and cross-shaped tables. In the posterior-most parts of the ventral surface cross-
shaped bodies. Few “C” shaped bodies in the cloacal wall. Cross shaped tables somewhat
scantily scattered in the perisoma. Both ventrally and posteriorly they are of about the
same size and shape. The disk of the table consists of four arms, frequently five. Spire
poorly developed, with four pillars and one or two cross beams, crown very irregular.
Supporting rods are found in the pedicels and papillae. They are large in the ventral
pedicels, they are roughened at the ends. In the dorsal papillae the rods are shorter and

more slender. Well developed end-plates in the ventral pedicels.

Material examined. None.

Type material. Location unknown.

Type locality. Uraga Channel, north side, Takeyama in line with Amezaki (Mitsukuri,
1912).

Geographic distribution. Only known from its type locality.

Bathymetrical distribution: 594m.

Remarks. This species is very close to Bathyplotes rubicundus Sluiter, but there are some
differences: 1) The most important difference lies in the presence of the large irregular
calcareous bodies in the posterior-most parts of the body in the present species. Sluiter
makes no mention of such bodies in B. rubicundus. 2) B. goldenhindi posses 20 tentacles,
all alike in size, while in B. rubicundus there are only 12 short tentacles, of which the two
ventral ones are much smaller than the others (Sluiter, 1901). 3) The colour of the body,
been carmine in B. goldenhindi while B. rubicundus is brick red. 4) The longitudinal
muscles are distinctly divided into two in B. goldenhindi, while it is said to be undivided

in B. rubicundus. 5) Marginal papillae are much larger than dorsal papillae in B.
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goldenhindi, while the contrary is stated to be true in B. rubicundus. This may possibly be

due to the state of preservation in Sluiter’s specimens.

Bathyplotes imperfectus Cherbonnier & Féral, 1981

Bathyplotes imperfectus Cherbonnier & Féral, 1981: 377-380, text-fig. 13, a-j.

Diagnosis (after Cherbonnier and Féral, 1981). Ventral side flat, dorsal side slightly
convex. Mouth ventral, anus terminal. Tegument thick, soft and gelatinous. Ventral face
of the body with a deep furrow occupied by 5 to 6 rows of many and very small retractile
pedicels. Two rows of ventro lateral conical papillae; the ventral face is entirely naked.
The margin of the body makes an edge formed by a group of short papillae with very
widened bases. The medium line of the dorsal surface is occupied by a double row of
papillae, going from the mouth to the anus; over the rest of this face, there are very
dispersed, conical papillae. Ossicles. Four branched cruciform tables with broad,
perforated, flattened ends; the ends may be united to form a circular table disk with four
large central holes and four triangular smaller perforations. The top of the spire is rather

high, with four spiny pillars. Ossicles of the papillae around the anal area, small rods.
Material examined. See appendix 1, Table 7.
Type material. Holotype, MNHN 3023,

Type locality. North Pacific Ocean, Philippines, Valdivia, Musorstom, St. 50, 13° 49.2°N,
120° 01.8’E, 415-510m, 25 March 1976

Geographic distribution. Only known from its type locality.

Bathymetric distribution. 415-510m.

Remarks. Cherbonnier and Féral (1981) described this species using a poorly preserved

organism, with out calcareous ring, tentacles and internal organs.
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Externally B. imperfectus resembles B. variabilis (Koehler and Vaney, 1905)
which presents a naked ventral surface, but the cruciform or circular ossicles are
definitely different, as well as the rods of the papillae, and B. variabilis has “C” shaped

bodies.

Bathyplotes moseleyi (Théel, 1886a)
(Figures 16-20 in CD)

Stichopus moseleyi Théel, 1886a: 165-167, PL. 10, figs. 19-20; Ludwig, 1889-1892: 331.
Bathyplotes moseleyi Ostergren, 1896: 355; Ludwig, 1898a: 8; Djakonov, 1949: 115, PI.
18, fig. 104 a-e; Imaoka, 1990: 145, textfigs. l1a-b.

Synallactes(?) [Stichopus]| moseleyi Perrier, 1902: 339, 349.

Synallactes moseleyi Perrier, 1902: 339, 349; 1905: 6-11, textfig. a.

Non Bathyplotes moseleyi, Mitsukuri, 1912: 31-35, textfig. 7; Ohshima, 1915: 224; Liao,
1997: 72-73, fig. 38.

Synallactes sp.?, Augustin, 1908: 20.

Synallactes(?) gourdoni Vaney, 1914: 4-5 P1. 2, figs. 1-3, 5-6 [new synonymy].
Bathyplotes gourdoni, O’Loughlin, 2002: 303.

Non Bathyplotes moseleyi, Liao, 1997: 72-73, textfig. 38.

Bathyplotes sp. 1, Gutt, 1988: 24, 32, 35, 73.

Bathyplotes rubipunctatus Gutt, 1990: 120-132, figs. 1-3, Table 1; 1991: 147 (list).

Diagnosis (after Théel, 1886a). Body elongated, almost cylindrical, slightly flattened on
the ventral surface. Mouth bent toward the ventral surface; anus almost terminal. Ventral
surface with three series of pedicels, the middle one forming a thin double row, the two
rows forming a simple zigzag. Each of the two dorsal ambulacra with a narrow double
row of small conical papillae. The two dorsal interambulacra carry a number of low
whitish warts; the ventral surface also contains such warts though more sparingly. A
crown of small papillae surrounds the mouth. Tentacles seventeen (?). One Polian vesicle.
Respiratory trees well developed. Body-wall thin and pliable. Calcareous ring absent.

Ossicles. Tables of characteristic form; the disks are cross- or star-like, with from four to
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eight arms radiating from a common centre, and with the ends of the arms enlarged,
flattened, and pierced with holes; sometimes the enlarged ends of some or all of the arms
are connected with one another, thus constituting a perforated plate; the spire is composed
of fours rods, and one, seldom two, transverse beams; the spire is often devoid of
transverse beams. The top of the spire is irregularly spinous, often with four larger teeth.

Tubefeet with supporting rods. Tentacles with spiny rods.

Material examined. See appendix 1, Table 8.

Type material. Syntypes, NHM 1886.10.2.136 (2 specimens), NHM 1886.10.2.137
(fragments), NHM 1886.10.2.138 (2 specimens) and ZMA E2993 (1 specimen).

Type locality. South East Pacific Ocean, off Chile.

Geographic distribution. South Pacific Ocean, Antarctic; South Atlantic Ocean,
Antarctic Peninsula, Scotia Sea; Sagami Sea, Sagami Bay, Tokyo Bay, Uraga Channel;
Suruga Bay; off Cape Terpyeniya Sakhalin, Japan (Augustin, 1908, Mitsukuri, 1912;
Imaoka, 1990). West coast of Patagonia (Théel, 1886a), between Navarin Island and

Hoste Island (Perrier, 1905).

Bathymetric distribution. 50-1730m.

136



F.A. Solis-Marin
Chapter Five

Bathyplotes natans (M. Sars, 1868)
(Figures 23-30 in CD)

Holothuria natans M. Sars, 1868: 20.

Stichopus natans, G. O. Sars, 1872: 30; M. Sars, 1877: 58, Pl. 7, figs. 18-41; Théel,
1886a: 193; Bell, 1892: 51.

Stichopus pourtalesii Théel, 1886a: 4.

Stichopus(?) tizardi Théel, 1892: 696; 1886: 193; Bell, 1892: 51; Koehler, 1895: 48-50,
textfigs. 13-14.

Bathyplotes tizardi, Ostergren, 1896: 354; Ludwig, 1901: 138, P. 12, figs. 3-4; PI. 18, fig.
19; Perrier, 1902: 350; Mitsukuri, 1912: 35-39, textfig. 8; Grieg, 1932: 4.

Bathyplotes pourtalesii (Théel, 1886a), Mortensen, 1929; Deichmann, 1930: 102, pl. 9,
figs. 3-7; 1940: 186, pl. 31, figs. 34; 1954: 386; Rowe and Gates, 1995: 328.

Bathyplotes fallax Ostergren, 1896: 355, Pl. 18, fig. 44.

Herpysidia reptans Perrier, 1898: 247-248.

Bathyplotes reptans R. Perrier, 1902: 352-358, Pl. 12, figs. 3-4, Pl. 18, figs. 1-9;
Mortensen, 1927: 384 [new synonymy].

Bathyplotes assimilis Koehler & Vaney, 1905: 25-26, P1. 3, fig. 3, P1. 10, figs. 1-3.
Bathyplotes papillosus Koehler & Vaney, 1905: 28-29, P1. 10, figs. 21-24.

Not Bathyplotes papillosa Koehler & Vaney, 1905: 2 (list).

Bathyplotes patagiatus Fisher, 1907: 688-690, P1. 72, figs 1, 1a-k.

Bathyplotes ostergreni Ohshima, 1915: 225-226, Pl. 8, figs. 3a-d.

Bathyplotes heterostylides Heding, 1942a: 12-13, textfig. 12, figs. 3-5, textfig. 13, figs. 1-
15 [new synonymy].

Bathyplotes natans, Ostergren, 1896: 352-353, Pl. 18, figs. 27-35; 1902; 6; Ludwig, 1901:
137; Grieg, 1921: 7, Mortensen, 1927: 384-385, textfigs. 228: 2, 229; Deichmann, 1930:
100-102, PL. 9, figs. 1,-2, 9; 1954: 386; Heding, 1942a: 10-12, textfigs. 10, 11, figs. 1-10,
textfig. 12:1-2; Pawson, 1963: 90-94, Pl. 7, figs. 1-7; 1965: 16-18, fig. 4, Gage ef al.,
1985: 194; Harvey et al., 1988: 183; Miller & Pawson, 1990: 4; Madsen & Hansen, 1994:
79-82, figs. 48-50, map 20; Rowe & Gates, 1995: 328; Liao, 1997: 73-74, fig. 39.
Bathyplotes bipartitus Hérouard, 1912: 7, 1923: 34-36 [new synonymy].

137



F.A. Solis-Marin
Chapter Five

Diagnosis: (modified from Théel 1886a). Body elongated, equally rounded at each
extremity, flattened. Mouth ventral, anus subdorsal. Tentacles 20 in the adult, usually less
than 20 in immature specimens. Dorsal surface with conical processes, few in number, of
unequal size; those processes which attain a greater size are thinly placed on or in the
neighbourhood of the two dorsal ambulacra, while the smaller are to be found partly in
very limited numbers scattered among the larger, partly more crowded, forming a simple
row along the sides of the body and round the anterior extremity of the body. The pedicels
appear to form a double row along each latero-ventral ambulacrum, but, in contrast, the
odd ambulacrum is marked out by a deep furrow. Calcareous ring very reduced, in the
larger specimens absent. Two gonads tufts, one on each side of the dorsal mesentery. A
single Polian vesicle. Bodywall thick. Ossicles. In the bodywall, tables. C-shaped ossicles
may be found in the skin or in the inner organs. In some parts of the body the spines grow
much larger and possess many more transverse beams; in others all the tables are very
robust, with a greater number of holes in the highly dilated ends of the arms, and with the

spire more irregularly developed and highly spinous.

Material examined. See appendix 1, Table 9; appendix 2, Table 1.

Type material. does not exist (Deichmann, 1930, 1954: 386; Rowe and Gates, 1995).
Type locality. Lofoten, northern Norway.

Geographic distribution. Essentially cosmopolitan. Reported to the Eastern and
Northern Gulf of Mexico; the Rockall Trough, NE Atlantic (Gage ef al., 1985); along the
coast of northern Norway, Lofoten to south of Bergen, Faroe-Shetland Channel, west of
Iceland; Faroe Channel (7rifon specimens). Off the Irish West coast (Flying Falcon and
Helga specimens). Also recorded from New Zealand. Wanganella Bank, Tasman Sea,

East China Sea (Liao, 1997) and Japan (Ohta, 1983).
Bathymetric distribution. 193-2212m. It is known to have a wide distribution at bathyal

depths throughout the World’s oceans. This species was originally described (as
Stichopus natans Sars, 1868) from the Lofoten Islands (Norway). By 1927 the known
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distribution of Bathyplotes natans was from Lofoten to Cape Verde on the east side of the
Atlantic, from the West Indies and from Japan (Mortensen, 1927). The widespread
distribution has been confirmed in more recent studies of samples from the northeast
Atlantic (Gage ef al., 1985; Billett, 1991), from the West Indies and Guif of Mexico
(Miller and Pawson, 1984) and from Japan (Ohta, 1983). Although B. natans has a wide
geographical distribution the vertical distribution of this species varies with location.
Mortensen (1927) records a total vertical range of 200 to 1600m depth. In the northeast
Atlantic this species is taken between 600 and 1600m depth (Gage ef al., 1985) although
B. natans shows the greatest biomass between 1278 and 1333m depth (Billett, 1991). In
the Gulf of Mexico, B. natans is taken from depths between 439 and 586m (Miller and
Pawson, 1984). In Japan the species has a depth range of 300 to 572m, depths similar to
its congeners B. moseleyi (Théel) and B. goldenhindi Mitsukuri.

Biological information. Facultative swimming holothurian (Ohta, 1983; Miller and
Pawson, 1990). B. natans has long been known to be able to swim by undulating its body
(Sars, 1868), hence the specific name. It swims by means of up and down movements.
Wesenberg-Lund (1941) recorded a commensal polychaete, Harmothoé bathydomus
Ditlevsen, 1917, on B. natans. Mortensen (1927) noted that the sexes are separated and
the large, yolky eggs probably indicate direct development.

An observation from Japan (Mortensen, 1927) seems to indicate that it is brood-
protecting, the male carrying the eggs attached its tentacles (Hyman, 1955). It has the
peculiarity (common to various species of the genus) that the skin easily breaks up along

the interradii. It lives on sandy to soft clay (muddy bottoms), feeding on detritus.

Remarks. In general, all the collections held specimens in poor condition. When
specimens are alive, they are orange in colour and devoid of ossicles except in the
papillae on which the identification is based (RRS Discovery Collections specimens).
Billett (1988) described ossicles from a juvenile of B. nafans (1.7mm long). He
states that at this size, B. natans could be confused with juvenile Echinocucumis hispida
since both have primary cross ossicles with a spire. However, a detailed examination of

the two species demonstrates that they are easily distinguished by external features.
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Bathyplotes pellucidus (Koehler & Vaney, 1905) [new comb.]

Synallactes(?) pellucidus Koehler & Vaney, 1905: 21-22, P1. 4, figs. 4-5, P1. 9, figs. 22-25

[new synonymy].

Diagnosis (after Koehler and Vaney, 1905). Flattened and elongated body. Tubefeet on
the midventral radius only shows at the posterior area of the body, and completely lacking
in the rest of this radius; appendices of the four other radii are laid out in single rows.
Long latero-ventral papillae run along lateral sides of the body. Dorsally, two rows of
short papillae that runs longitudinally along the whole body. Ossicles. In the bodywall,
short tables with a broad disk of crenulated rim. Spire formed by four stems united by a

transvers beam that terminates at the top with few short spines.

Material examined. None.

Type material. Location unknown.

Type locality. /nvestigator St. 163, Indian Ocean, 13° 45°38” N, 80°29°37”E, 378m.
Geographic distribution. Only known from its type locality.

Bathymetric distribution. 378m.

Remarks. The only specimen analysed by Koehler and Vaney (1905) was incomplete and
no internal anatomy was possible to described. The four-pillared tables and the presence

of long papillae at the lateroventral side of the body, make this species a member of the

genus Bathyplotes.
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Bathyplotes phlegmaticus Sluiter, 1901a

Bathyplotes phlegmaticus Shiiter, 1901a: 4-5, 1901b: 36-37, PL. 2, fig. 3, Pl 8, figs. 14-
15a-b.

Diagnosis (after Sluiter, 1902a). Body elongated, almost cylindrical, slightly flattened on
the ventral surface. Skin soft and gelatinous. A delicate rim formed by free papillae at the
front of the anterior part of the body (approximately 35) and along the sides of the
anterior and posterior lateral edges (approximately 12 papillae at the edges). Ventral side
with few papillae irregularly distributed, not limited to the radii. One Polian vesicle.
Ossicles. Bodywall supported by tables of characteristic form; the disks are cross-like,
with four arms weakly curved, radiating from a common centre, and with the ends of the
arms enlarged, flattened, and pierced with holes; sometimes the enlarged ends of some or
all of the arms are connected with one another, thus constituting a perforated plate; the
spire is composed of four rods, with one, seldom two, or three transverse beams. The top
of the spire is irregularly spinous, often with 3 to five larger teeth. Tubefeet with
numerous curved, supporting rods, and a well developed endplate. Calcareous ring

weakly developed. 2 branched gonads.

Material examined. None.

Type material. Holotype, ZMA E1178.

Type locality. North Pacific Ocean, Indonesia, Siboga, St. 139, 0° 11’S, 127° 25’E,
397m.

Geographic distribution. Only know from its type locality.

Bathymetric distribution. 397m.
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Bathyplotes punctatus (Sluiter, 1901a)
(Figures 31-44 in CD)

Bathyherpystikes punctatus Sluiter, 1901a: 6; 1901b: 37-39, Pl. 8, figs. 12a-d,13.
Kareniella gracilis Heding, 1940: 349-351, textfig. 14, figs. 1-9; Cherbonnier & Féral,
1981: 381-383; Miller and Pawson, 1990: 5.

Bathyplotes punctatus, Rowe, 1989: 282.

Diagnosis (after Sluiter, 1901a). Flattened body, ventral side slightly curved. Skin
moderately thick and rather soft. Mouth ventral, anus subdorsal. 18 tentacles. Middle
ventral radius nearly naked, the two lateral radii with a row of tubefeet. Dorsal side with
irregularly distributed papillae. One Polian vesicle. 2 branched gonads. Calcareous ring
weakly developed. Ossicles. Tables with a circular, large disk, circular with 4, regularly
6, angular holes in the centre. Spire high, formed by 4 stems and 2 beams located almost
at the top of the spire. The table’s disk form perforated plates. Crown of the spire with
few spines. No “C” shaped bodies.

Material examined. See appendix 1, Table 10.
Type material. Syntypes, ZMA E1005 (1 specimen); ZMA E1013 (1 specimen).
Type locality. Indo-Malayan Region.

Geographic distribution. North Pacific Ocean, Wanganella Bank, northern Tasman Sea;
Philippines; Malay Archipelago. Indonesia, Nias Channel, off Puerto Rico (Miller and
Pawson, 1990).

Bathymetric distribution. 310-614m.

Biological information. Facultative swimmer (Miller and Pawson, 1990).

142



F.A. Solis-Marin
Chapter Five

Remarks. Rowe (1989) considered Bathyplotes punctatus a synonymy of
Bathyherpystikes punctatus (Sluiter, 1901) and also, to be conspecific with Kareniella
gracilis Heding, 1940. The synonymy of B. punctatus with Bathyherpystikes punctatus is

followed here.

Bathyplotes roseus Koehler & Vaney, 1910

Bathyplotes roseus Koehler & Vaney, 1910: 92-94, PI. I, figs. 11-17.

Diagnosis (after Koehler and Vaney, 1910). Ventral face flat, limited by a marginal
fringe. Dorsal surface convex, with many papillae. Mouth ventral, anus dorsal. Along the
middle ventral radius about 10 small appendices disposed in two rows more or less
alternated. Dorsal face with papillae irregularly distributed. Ossicles. Bodywall mainly

with quadri-radiate ossicles.
Material examined. None.

Geographic distribution. Indian Ocean, Investigator St. 279, 11°35’ 15”N, 80°02’15” E,
540m; Indian Ocean, Investigator St. 280, 11° 29’ 45”N, 80°02’30” E, 802m.

Bathymetric distribution. 540-802m.

Remarks. The species was described by Koehler and Vaney (1910) using a single
eviscerated specimen. The ossicles are exactly the same as B. cinctus. 1t is different from
B. phlegmaticus and B. natans because the pedicels in the posterior region on the middle
ventral radil are present but as in B. natans this pedicels can be present. B. roseus is
different from B. natans because of the irregular disposition of the papillae and the shape

of the ossicles, which also differ from those in B. phlegmaticus.
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Bathyplotes rubicundus Sluiter, 1901a
(Figures 45-48 in CD)

Bathyplotes rubicundus Sluiter, 1901a: 2-3, 1901b: 34-35, P1. 3, fig. 3, PL. 8, figs. 16a-e.

Diagnosis (after Sluiter, 1901a). Flattened body, with a broad edge. Skin leather-like,
moderately thick. Dorsal side curved, ventral side flat. A lateral brim formed by fused
papillae, which seem to continue in front and above the mouth and posteriorly below the
anus. Mouth ventral, anus dorsal. 12 tentacles, the 2 ventral ones smaller than the rest.
The middle ventral radius naked. The two lateral ventral radii with numerous tubefeet in 3
to 4 double rows. Along the dorso-lateral radii, a simple line of conical papillae. A rather
irregular line of short papillae occur in the middle part of the dorsal side. One Polian
vesicle. Gonad in two tufts. Calcareous ring well developed. Ossicles. Bodywall
supported by tables of characteristic form; the disks are cross-like, with four arms
radiating from a common centre, and with the ends of the arms enlarged, flattened, and
pierced with holes; sometimes the enlarged ends of some or all of the arms are connected
with one another, thus constituting a perforated plate; the spire is composed of fours rods,
and one or two transverse beams. The top of the spire is irregularly spinous, often with
four larger teeth. Numerous “C” shaped bodies in the papillae. Tubefeet with supporting

rods.

Material examined. See appendix 1, Table 11.

Type material. Syntypes, ZMA E1014 (1 specimen); ZMA E1016 (1 specimen).
Type locality. South East Pacific Ocean.

Geographic distribution. Only know from its type locality.

Bathymetric distribution. 56-450m. Label of the specimen ZMA E1016 reads “56m

depth”, but probably is wrong because the bathymetry of the area do not correspond with
the latitude-longitud data.
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Bathyplotes sulcatus Sluiter, 1901a
(Figure 49 in CD)

Bathyplotes sulcatus Sluiter, 1901a: 1-2, 1901b: 32-33; Heding, 1940: 347-348, textfig.
12, figs. 1-5.

Diagnosis (after Sluiter, 1901a). Ventral side flat, with a conspicuous furrow that runs
along the whole side and stops behind the perisome. Skin smooth. Mouth ventral, anus
terminal. 18 tentacles. Middle ventral radius completely naked. The lateral ventral radii
with a simple line of moderate large tubefeet. In all the 5 interradii the tubefeet and
papillae are irregularly distributed. Calcareous ring well developed. Two gonads weakly
branched. One Polian vesicle. Ossicles. Bodywall supported by tables; the disks are cross-
like, with four arms radiating from a common centre, and with the ends of the arms
enlarged, flattened, and pierced with 4 to 6 holes; the spire is composed of four rods, and
3 to 5 transverse beams. Numerous “C” shaped bodies in bodywall, but particularly

abundant in the anal area. Tubefeet with supporting rods weakly curved.

Material examined. None.

Type material. Location unknown.

Type locality. South West Pacific Ocean, Siboga, St. ?, 3°37.7°S, 131° 26 4’E, 924m.
Geographic distribution. Only know from its type locality.

Bathymetric distribution. 450-924m.
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Bathyplotes tizardi (Théel, 1882)

Stichopus tizardi Théel, 1882: 696; 1886a: 193; Ludwig: 1889-1892: 331; Bell, 1892: 51;
Koehler, 1895a: 48; Koehler, 1896: 108, figs. 33-35; Clark, H. L., 1922: 47 (list).
Bathyplotes tizardi, Ostergren, 1896: 354, Pl. 18, figs. 36-43; Ludwig, 1901: 138; Perrier,
1902: 350-352; Mitsukuri, 1912; 36-39, textfig. 8; Ohshima, 1915: 224-225; Rowe &
Gates, 1995: 328.

Not Bathyplotes tizardi, Ludwig, 1901 (= Bathyplotes natans).

Herpysidia tizardi Perrier, 1898: 1665, partim= Bathyplotes natans.

Diagneosis (after Théel, 1886a: 193). Body elongated, equally rounded at each extremity,
flattened. Mouth ventral. 20 tentacles. Anus subdorsal. Dorsal surface with conical
processes, few in number, of equal size; those processes which attain greater size are
thinly placed on or in the neighbourhood of the two dorsal ambulacra, while the smaller
ones are to be found in very limited numbers, scattered among the larger, more crowded
papillae, forming a simple row along the sides of the body and round its anterior
extremity. The pedicels probably form a double row along each lateral ventral
ambulacrum, but the odd ambulacrum is marked out by a deep furrow. The calcareous
ring is very reduced and in the larger specimens absent. Two genital tufts, one on each
side of the dorsal mesentery. A single Polian vesicle and madreporic canal. Ossicles.
Bodywall thick, strengthened by C-shaped bodies and tables. In some parts of the body
the spires grow much larger and possess many transverse beams. In others, all the tables
are very robust and have a greater number of holes in the highly dilated parts of the arms.
In these ossicles the spires are more irregularly developed and highly spinous. As a rule,
the four rods that constitute the spire are almost parallel and are provided with spires. The

dorsal processes carry numerous spinous and tables with very long spires.
Material examined. See appendix 1, Table 12.
Type material. Holotype, NHM 1900.4.1.162.

Type locality. Knight Errant, St. 6, Faroe Channel.
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Geographic distribution. Faroe Channel (Théel, 1882); Bay of Biscay (Koehler, 1895);
west coast of Morocco, Sahara, and Senegal (Perrier, 1902); Bergen (Ostergren, 1896);
Hardangerfjorden; Okinosé, Sagami Sea (Mitsukuri, 1912), South west of Shikoku; off
Kii, Honshu; Pacific Ocean, Albatross St. 4959 and St. 4966 (Ohshima, 1915),

Scandinavia.
Bathymetric distribution. 528-1297m.

Biological information. Ohshima (1915) found that in one male, the mouth was closed
by a circular fold of skin, forming, a “mouth cavity”. Many eggs were found attached to

the tentacles, which were withdrawn into this cavity. The eggs diameter measured 0.9-

1mm.

Remarks. Clark, H. L. (1922) was the first who stated that Stichopus tizardi was indeed a
Synallactidae.

Bathyplotes triplax (Clark, 1920) [new comb.]
(Figures 50-51 in CD)

Synallactes triplax Clark, 1920: 145-146, PL 4, figs. 14-17 [new synonymy].

Diagnosis. Body flattened. Pedicels larger and more conspicuous on ventral surface; there
are two well-marked series in each of the three ventral ambulacra. In each of the dorsal
ambulacra is a double row of conical papillae. 20 tentacles. Calcareous ring well
developed; interradial pieces wider than high with a conspicuous anterior point; radial
pieces much larger with a strongly concave posterior margin and two conspicuous,
truncate anterior projections. Respiratory tress well developed. Ossicles. Tables with
simple spires of three rods united by three cross-bars, but with the points free, straight and
parallel; disk tri-radiate, in the typical condition with three large oval perforations and a
second series of three somewhat smaller holes alternating with them, usually a third, often

a fourth and rarely a fifth series of perforations are present; height of spire equals disk-
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diameter or somewhat less. In many of the larger tables, the primary perforations are
never closed in distally, so the disk remains a tri-radiate plate, with the outer end of each
bar dichotomously branched and the final expansion perforated with 1-4 holes.

Material examined. See appendix 1, Table 13.

Type material. Syntype, USNM E10557.

Type locality. Albatross, St. 4642, Pacific Ocean, Galapagos Islands, Hood Island.

Geographic distribution. Pacific Ocean, Galapagos Islands.

Bathymetric distribution. 540-545m.

Biological information. On Globiferina ooze and broken shells substrates.

Remarks. This species described by Clark (1920) as Synallactes, is assigned to the genus
Bathyplotes on the basis of the morphology of the ossicles. One of the diagnostic
characters of Bathyplotes is that it possesses tables with spires united by cross beams. The
genus Synallactes possesses a simple spire consisting of a single pillar, which may be

divided or perforated, or both, at the upper end.

Bathyplotes variabilis Koehler & Vaney, 1905
Bathyplotes variabilis Koehler & Vaney, 1905: 26-28, P1. 5, fig. 10, P1. 10, fig. 9-18.
Diagnosis (after Koehler and Vaney, 1905). Body very flat, dorsal face slightly convex.
Ventral face with a rather deep middle groove, along the entire length of the body. This
ventral groove does not have any pedicels. On the ventral face, there are small pedicels on

both sides of the groove in 2 to 3 rows. The dorsal face carries large papillae. These

dorsal papillae seem to be arranged in 5 to 6 longitudinal rows. Ossicles. In the dorsal
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bodywall “C” shaped bodies and tables of characteristic form; the disks are cross-like,
with from four arms radiating from a common centre, and with the ends of the arms
enlarged, flattened, and pierced with holes; the enlarged ends of some or all of the arms
are connected with one another, thus constituting a perforated plate; the final main
branches generally have a large central perforation with one or two smaller ones that
opens at their sides; the spire is composed of four rods, with three or four transverse
beams. Dorsal papillae with “C” shaped bodies. Ventral pedicels with quadri-radiate

ossicles. Tubefeet with supporting rods and calcareous end plate. Tentacles with spiny

rods.

Material examined. None.

Type material. Location unknown.

Type locality. /nvestigator St. 282, Indian Ocean, 10° 08’N, 80° 49’ 30” E, 896-1306m.

Geographic distribution. Only known from its type locality.

Bathymetric distribution. 896-1306m.

Genus Benthothuria Perrier, 1898

Benthothuria Perrier, 1898: 1646; 1901: 365; 1902: 365; Mortensen, 1927: 378, also foot
note; Deichmann, 1930: 91; Heding, 1942a: 6; Koehler & Vaney, 1905: 41-42.
Pseudothuria Koehler & Vaney, 1905: 47-48.

Dendrothuria Koehler & Vaney, 1905: 44-45.

Pelopatides Théel, 1886a:154, partim.

Diagnosis. Body elongate, little broader that high, marginal fringe inconspicuous. 20

tentacles; stone canal penetrating the bodywall; body with well defined sole, surrounded

by a continuous series of conical papillae, which forms a very distinct border. On a
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ventral side, a double series of pedicels along the odd ambulacrum and on the posterior
two thirds of the body. Besides these a double series of lateral pedicels placed on the
posterior third part of the body in the ventral ambulacra. Dorsally irregularly distributed
ambulacral and interambulacral papillae. Gonads disposed in two tufts. Ossicles. Absent

from bodywall, tentacles and internal organs.

Type species: Benthothuria funebris Perrier, 1899,

Remarks. Heding (1940) proposed five species for the genus Benthothuria although he
questioned the validity of B. cristatus and considered B. funebris to be synonymous with
B. valdiviae. These latter two nominal species differed in two respects: the number of
Polian vesicles and the presence or absence of large papillae along the dorsal ambulacra.
The Ingolf specimen (Heding, 1942a) and the Rockall specimens (Gage ef al., 1985)
possess two Polian vesicles, which is at variance with the single Polian vesicle found in
the type specimen of B. funebris. Two specimens of Benthothuria sampled off NW Africa
(14° 50.8°N, 17° 50.6’W, 1430m) in an area not far from the type locality both possessed
two Polian vesicles (Gage et al., 1985).

Koehler and Vaney (1905) erected the monotypic genus Gephyrothuria and the
family Gephyrothuriidae for two Investigator specimens taken off Ceylon (3499 m). H. L.
Clark (1907) described the monotypic genus Himasthlephora for four Albatross
specimens in poor condition from off Georgia (1316m), although he considered that
material might be congeneric with Gephyrothuria. Clark (1907) judged that the family
Gephyrothuriidae was unnecessary and referred Gephyrothuria and Himasthlephora to
the Molpadiidae. Hérouard (1923) synonymised Gephyrothuria with Himasthlephora
describing a third Gephyrothuria species for a single specimen from off Spain (2320m),
and included Gephyrothuria in the Synallactidae. Deichmann (1930) synonymised the
Atlantic species Gephyrothuria glauca (Clark) and G. europeensis Hérouard, and referred
the genus to the Molpadiidae. Heding (1935) maintained Himasthlephora, resurrected the
family Gephyrothuriidae, erected an order Gephyrothurioidea, and described a third
monotypic genus Molpadiodemas for two Ingolf specimens taken off Newfoundland and
Greenland (3230m). Deichmann (1940) also resurrected the family Gephy