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Abstract Sclerolinum is a small genus of Siboglinidae
(Annelida) living in an obligate mutualistic association with
thiotrophic bacteria as adults. Its taxonomic position, based
on morphology, has been controversial; however, molecular
data point to a sister taxa relationship with vestimentiferans.
16S rRNA gene sequencing and comparative morphology
revealed that the studied population from deep-sea hydro-
carbon seeps of the Gulf of Mexico belongs to Sclerolinum
contortum known from the Arctic Sea. Since no anatomical
and microanatomical studies have been published yet, we
conducted such a study on S. contortum using serial sec-
tioning and light and transmission electron microscopy. We
show that the Sclerolinum body, divided into a head, trunk,
and opisthosoma, is very similar to that of the vestimentifer-
ans, and therefore we propose that the body regions are
homologous in both taxa.
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Introduction

Sclerolinum is a small genus of slender marine tubeworms,
which together with vestimentiferans, Osedax, and frenu-
lates forms the monophyletic annelid family, Siboglinidae
Caullery, 1914 (McHugh 1997; Rouse and Fauchald 1997;
Rouse et al. 2004). They are renowned for their symbiotic
lifestyle in a variety of reducing habitats since all adult
representatives—except for Osedax dwarf males (Rouse et
al. 2004) —rely completely on endosymbiotic bacteria.
They reduce their digestive system during ontogeny and
develop a new organ, called the trophosome, to accommo-
date and provide their chemoautotrophic (Felbeck 1981;
Felbeck et al. 1981; Losekann et al. 2008; Southward et al.
1981) or heterotrophic symbionts (Goffredi et al. 2007,
2005).

Sclerolinum species occur in a wide range of deep-sea
environments from less than 500 to about 2,000 m depth.
Most of the seven described species (Ivanov and Selivanova
1992; Smirnov 2000; Southward 1961, 1972; Webb 1964c¢)
dwell either on decaying organic materials like sunken
wood or in sulfidic sediments (Smirnov 2000).
Sclerolinum contortum Smirnov 2000, is reported from the
arctic, cold seep Haakon Mosby Mud Volcano, cold seeps of
the Storegga Slide in the Norwegian Sea (Lazar et al. 2010),
and a hydrothermal vent field of the Arctic Mid-Ocean
Ridge (Pedersen et al. 2010). Other not yet described spe-
cies have been found at cold seeps in the Sea of Okhotsk
(Sahling et al. 2003) and in hydrothermal vent sediments of
Antarctica (Sahling et al. 2005).

The genus Sclerolinum has challenged scientists since its
discovery. Its organization fits well to neither the known
frenulates nor the later discovered vestimentiferans.
Discussed as the most basal (Southward 1999; Webb
1964b) or a more derived siboglinid (Ivanov 1994;
Southward 1993), its classification switched from genus to
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subclass rank. Southward (1961) described the first
Sclerolinum species and established the genus Sclerolinum
within the frenulate family Polybrachiidae. Later, consider-
ing the peculiarities of Sclerolinum, a new family,
Sclerolinidae (Webb 1964b), and even a new monogeneric
subclass, Monilifera (Ivanov 1991), were created with equal
rank to frenulates and vestimentiferans. Today, Sclerolinum
is considered the sister group to vestimentiferans because of
molecular and morphological data (Halanych et al. 2001;
Hilario et al. 2011; Meunier et al. 2010; Rouse 2001; Zrzavy
et al. 2009), but see also Schulze (2003) and Rousset et al.
(2004). Osedax is placed as sister group to Sclerolinum plus
vestimentiferans. Frenulates are sister to all of them (Hilario
et al. 2011; Rouse et al. 2004); however, the position of
Osedax is ambiguous in the study of Zrzavy et al. (2009).

Siboglinids have a body divided into different regions. In
frenulates, a cephalic lobe (prostomium sensu Rouse 2001),
a forepart, a trunk with specialized regions such as an
anterior metameric region, and an opisthosoma are distin-
guished (Southward 1993). Osedax females are composed
of a crown, a trunk, and an ovisac with roots (Rouse et al.
2004). In Sclerolinum a cephalic lobe, a forepart, a trunk,
and an opisthosoma are found (Southward et al. 2005).
Vestimentiferan bodies are composed of an obturacular re-
gion, a vestimentum, a trunk, and an opisthosoma (Gardiner
and Jones 1993).

Vexingly, Sclerolinum lacks a visible external demarca-
tion between the forepart and the trunk. The existence of an
internal diaphragm is still in discussion. A muscular dia-
phragm separating the forepart from the trunk is formed
during larval development in frenulates (Bakke 1977;
Callsen-Cencic and Fliigel 1995; Ivanov 1975). Such a
diaphragm is also mentioned in two adult Sclerolinum spe-
cies (Ivanov 1991; Southward 1961). In addition,
Southward (1961) separated an anteriorly located metameric
trunk region from the posterior trunk by the presence of
paired lateral ridges occupied by large glands in the former
body region. Later, the metameric region was mentioned as
dorsally grooved and ventrally ciliated (Southward 1972;
Webb 1964c).

Although we lack any knowledge of the internal anatomy
of Sclerolinum to date, its body regions have been homolo-
gized with those of other siboglinid taxa: the forepart with
the frenulate forepart and the vestimentum of vestimentifer-
ans (Hilario et al. 2011; Rouse 2001; Rouse and Pleijel
2001; Rousset et al. 2004; Southward et al. 2005; Webb
and Ganga 1980) and the metameric region with the meta-
meric trunk region of frenulates (Southward 1972). The
presence or absence of the metameric region has been used
as a character for cladistic analyses (Rouse 2001; Rousset et
al. 2004; Schulze 2003). The opisthosoma is similarly orga-
nized in frenulates, vestimentiferans, and Sclerolinum and
regarded as homologous region in all three taxa.
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We investigated a Sclerolinum population from deep-sea
hydrocarbon seeps in the Gulf of Mexico (GoM) to improve
our knowledge of this highly debated but little studied
siboglinid taxon. We used 16S rRNA gene sequencing and
comparative sequence analyses to characterize the host spe-
cies by molecular techniques and confirm its position in
relation to other Siboglinidae. We used light and electron
microscopy for measurements and description of the exter-
nal morphology, but our main intention was to describe the
anatomy and microanatomy in order to provide, for the first
time, comparative data of one representative of this genus.
We found high anatomical similarities between the vesti-
mentiferan and Sclerolinum body organization, clearly
pointing to a sister taxa relationship, as previously suggested
by molecular (Halanych et al. 2001; Rouse et al. 2004) and
morphological (Rouse 2001) approaches, as well as com-
bined studies (Rousset et al. 2004; Zrzavy et al. 2009).

Materials and methods

During the “Expedition to the Deep Slope” (chief scientist
C.R. Fisher) with the NOAA R/V Ronald H. Brown in June
2007, Sclerolinum aggregations dwelling at the hydrocarbon
seeps in the GoM were sampled with cores of 30 cm or
50 cm length at three sites (WR269, AC818, AC601) at
depths ranging from 2,000 to 2,700 m. The samples were
recovered with the ROV Jason during dives J2-275, J2-282,
and J2-283.

In addition, for genetic studies, reference specimens of
S. contortum from the Northeast Atlantic were collected
during the VICKING cruise with the ROV Victor (dives
275 and 277). Sequencing was performed on one specimen
from Storegga Northeast (64°45.27' N, 4°58.87'E, 745 m
depth) and one specimen from Haakon Mosby Mud
Volcano (HMMYV, 72°00.34'N, 14°58.87'E, 1264 m depth).
All samples for subsequent molecular methods were fixed
in 100 % ethanol and stored at 4 °C. Fixation, embedding,
cutting, and staining procedures for light and electron
microscopy on GoM animals are described in Eichinger
et al. (2011).

16S rRNA gene sequencing and phylogenetic analyses
of the host

After removal of excess ethanol, total DNA was isolated
following a CTAB + PVPP extraction protocol (Doyle and
Doyle 1987). The mitochondrial gene coding for the ribo-
somal 16S RNA was amplified using the primers designed
by Palumbi (1996). The optimal PCR cycling parameters
were 1 cycle: 3 mn/96 °C; 35 cycles: 1 mn/96 °C, 1.15 mn/
50 °C, 1 mn/72 °C; 1 cycle: 10 mn/72 °C. PCR products
were visualized after electrophoresis on 1.5 % agarose gels
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containing ethidium bromide under UV light. Both DNA
strands were directly sequenced with BigDye Terminator v.
3.1 (Applied Biosystems) on an ABI 3130 XL automated
sequencer. The two mtl6S sequence fragments for each
species were assembled and edited in CodonCode Aligner
(CodonCode) to generate a continuous ca. 500-base pair
fragment. Sequence alignment was performed using
Clustal W and checked visually. The phylogenetic tree was
generated with MEGA version 5 (Tamura et al. 2011), using
a Kimura-2-paramater distance calculation and a neighbor-
joining tree reconstruction. Robustness of tree nodes was
tested by bootstrapping the data with 1,000 pseudorepli-
cates. Sequences of representatives from all major siboglinid
taxa were included in the analysis; accession numbers can
be found in Fig. 1. The Oweniidae Myriochele was used as
an outgroup.

Light and electron microscopy

Five complete worms and several worm fragments were
fixed for light microscopy and used for the description of
the external morphology. One complete female was fixed
for light microscopy, cut into small pieces, embedded, and
cut into a series of 1-um semithin sections. Several samples
of the female and male trunk region, one opisthosoma, and
one anterior end of a male were fixed, embedded, cut, and
stained for transmission electron microscopy. Only the an-
terior end of the male was treated differently since it was cut
into a series of 1-um semithin sections alternated with ultra-
thin sections.

All sections were made on a Reichert Ultracut S micro-
tome. Semithin sections were viewed with a Zeiss Axio
Imager Al light microscope, and ultrathin sections were
analyzed with a Zeiss EM 902 transmission electron
microscope.

Measurements of taxonomic characters and statistical
analyses

Taxonomic characters were measured by using Image J
software, version 1.40 g. Correlations of the length of the
worms with body diameters, measured at different body
regions, were statistically tested using Excel (Microsoft)
by creating regression plots.

Results
mtl6s gene phylogeny of the host
The phylogeny of the Siboglinidae based on the mitochon-

drial 16S fragment sequenced yielded a very well resolved
tree, with strong support for the major clades (Fig. 1).

Sclerolinum brattstromi and S. contortum form a very high-
ly supported monophyletic sister group to a vestimentiferan
clade (comprising cold-seep and hydrothermal-vent spe-
cies). Osedax is sister to these clades, and the frenulates
are sister to all other siboglinid species. Based on this
marker, the GoM Sclerolinum is indistinguishable from the
Northeast Atlantic (HMMYV and Storegga) specimens of S.
contortum (100 % identity with the HMMV sequence).
They form a very strongly supported clade, clearly distinct
from Sclerolinum brattstromi. Divergence levels are similar
to those observed for other siboglinid species (e.g., Osedax
[frankpressi).

Tube

The tubes were approximately twice as long as the inhabit-
ing worms (Fig. 2). The maximal tube diameter ranged from
0.35 mm to 0.61 mm (n=5). The tubeworms mostly live
buried in mud, only the anterior curled and transparent ends
of the tubes extending into the surrounding water. The tips
of these anterior ends were frail and easily collapsed
(Fig. 3a). The rest of the tubes were more or less straight,
yellowish to brownish and firm, except for the posterior
parts, which were colorless, extremely thin walled, soft,
and frayed (Fig. 2).

External morphology

The body was divided into the cephalic lobe, forepart with
two tentacles, trunk, and opisthosoma. The genital openings
marked the beginning of the trunk according to Webb and
Ganga (1980). This correlated with the beginning of the
randomly distributed cuticular plaques of the trunk.

Table 1 contains the measurements and morphological
characters of S. contortum GoM. The animals ranged from
54 mm to 86 mm in length, measured from the tip of the
cephalic lobe to the end of the opisthosoma, and from
0.27 mm to 0.45 mm in diameter, measured at the first opis-
thosomal septum (n=>5). These values correlated, while diam-
eters measured at other body regions, for example, at the
anterior edge of the bridle, did not correlate with the length.

The worms had a very small cephalic lobe, with an exten-
sion of 68—78 um lacking a separation from the forepart,
which was characterized by densely packed glands and a deep
narrow dorsal furrow shaped like an upside down Y (Fig. 4b-
d). The frenulum was located approximately 0.48 mm poste-
rior to the tip of the cephalic lobe and consisted of 12 to 20
roundish to elongated cuticular plaques. These plaques were
arranged either as two dense, arched rows extending from
dorsal to ventral (Fig. 3b) or in a more scattered manner
(Fig. 3c). There was a large variation in size of the frenular
plaques from 11-27 pum in width and 21-85 um in length.
Neither the size nor the number of the frenular plaques
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Fig. 1 Phylogenetic tree of the Siboglinidae, including species of
vestimentiferans, Sclerolinum, Osedax, and frenulates. Myriochele sp.
(Polychaeta; Oweniidae) was used as an outgroup. The tree was built
by neighbor-joining on a Kimura-2-Parameter distance calculated on a

correlated with the length of the specimens. A broad, densely
ciliated ventral field started posterior to the frenulum.

No internal or external separation between the forepart
and the trunk was observed. The semithin section series
revealed a single dorsal female gonopore at the end of the
dorsal furrow, slightly anterior to the end of the ventral
ciliated field (Fig. 5a). In the male specimen the dorsal
furrow broadened at the posterior end over a short distance
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471-bp alignment of a mitochondrial 16S rRNA fragment. Bootstrap
values given only when greater than 500 out of 1,000 replicates.
Accession numbers are given between parentheses for each branch.
Location of collection given for Sclerolinum only

forming two ciliated grooves, each ending with a genital
papilla (corresponding to the openings of the sperm ducts),
slightly posterior to the ventral ciliated field (Fig. 5b).
Congruently, the anterior end of the trunk was easily recog-
nizable by scattered, conspicuous, oval plaques situated on
top of epidermal papillae. They extended after the end of the
dorsal furrow to the first opisthosomal segment and were
restricted to the trunk (Fig. 3d).
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Fig. 2 Tubes of Sclerolinum
contortum GoM with
characteristic anterior curled
and posterior straight part

Only the anterior trunk region had prominent lateral
epidermal papillae devoid of plaques, which were the open-
ings of loosely arranged large pyriform glands (Fig. 6a). At
the posterior margin of the trunk were one to two rings of
uncini forming the girdles.

The opisthosoma consisted of 13 to 16 segments and
ranged in length between 1.4-1.8 mm. Each segment
exhibited an incomplete ring of uncini devoid of chaetae
middorsally and midventrally. These rings became more
incomplete at the posterior segments (Fig. 3e, f).

The measured five complete worms did not represent the
largest specimens in the Sclerolinum aggregations we sam-
pled. The largest found opisthosoma was 2.7 mm long, had
a diameter of 0.54 mm at the first septum, and a total
number of 19 segments. Assuming body proportions similar
to those of the complete worms studied, this would corre-
spond to a total length of 100 mm.

General internal organization

The two tentacles were free of pinnules and ciliated cells.
We located two longitudinal blood vessels and a central
coelomic cavity, which was occluded by mesenchyme at
the base of each tentacle (Fig. 4a, b).

The cephalic lobe was a very short ventral epidermal
extension of the forepart containing the brain at its base.
It had no coelomic cavity, muscle cells, or blood ves-
sels, but was invaded by blood lacunae (Fig. 4b). The
compact forepart also lacked a visible coelomic cavity.
The cavity was occupied by the pyriform glands, meso-
derm, and dorsal and ventral blood vessels. The ventral
nerve cord bifurcated around the ventral ciliated field
(Fig. 4c, d).

The trunk was mostly occupied by the trophosome, the
gonads, and pyriform glands. The paired coelomic cavities
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Fig. 3 General morphology (LM). a Anterior end of the worm within
the transparent and collapsed anterior part of the tube. b Forepart with
dorsal furrow and frenulum consisting of cuticular plaques arranged in
a row. ¢ Frenulum of other specimen consisting of scattered cuticular

were reduced to small spaces. The dorsal and ventral blood
vessels were suspended by the mesenteries (Fig. 6a—c). A
single female ovary or paired male testes were connected

plaques. d Cuticular plaques of the trunk. e Multisegmented opistho-
soma with rings of uncini (double arrowhead). f Uncini of opistho-
soma. Abbreviations: cl = cephalic lobe; df = dorsal furrow; te =
tentacle; arrowhead = frenular plaque; double arrowhead = uncini

ventrally to the mesentery. The ventral nerve cord extended
over the whole length of the trunk. Several times along the
posterior trunk both the epidermis and the longitudinal

Table 1 Comparison of mor-
phological characters of the
Sclerolinum contortum popula-

S. contortum HMMV S. contortum GoM
n=18 n=>5

tions from the Haakon Mosby
Mud Volcano (HMMYV) and the
Gulf of Mexico (GoM) modified
from Smirnov 2000

Tube, general character

frenulum (mm)
Arrangement of frenular plaques

Frenulum, position

Number of frenular plaques
Frenular plaques, shape
Frenular plaques, diameter (pm)
Forsal furrow

Plaques of trunk, diameter (nm)

Transition between forepart and trunk

Forepart length (mm)
Trunk length (mm)
Opisthosoma length (mm)

Distance from apex of cephalic lobe to

Regularly bent anteriorly, Regularly bent anteriorly,

Abbreviations: d = dorsal;
1 = lateral; v = ventral
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Opisthosoma number of segments
Uncini of opisthosoma, diameter (pm)
Habitat

straight posteriorly straight posteriorly
0.27-0.3 0.32-0.59
Dense row Dense row/scattered
d-1-(v) d-l-v
10-14 12-20
Oval Roundish to oval
22-41 21-85
Deep, narrow Deep, narrow
29-41 30-50
Abrupt Abrupt
2.3-4.8 3.5-6.4
30-50 47.9-80.6
0.45-0.6 1.4-1.8
3-5 13-16
5.5-6.3 4.5-6.5
Mud Mud
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Fig. 4 Semithin section series of tentacles and forepart. a Left tentacle
at distal position with vascularized epidermis overlaying a single-
layered myoepithelium (arrowhead) surrounding a central coelomic
cavity. Right tentacle at proximal position with mesenchyme filling
the coelomic cavity. Each tentacle with two blood vessels (asterisk). b
Base of cephalic lobe and of tentacles and beginning of the dorsal
furrow; cephalic lobe with the brain consisting of central neuropil and
peripheral somata; tentacles with mesodermal strands. ¢ Forepart ante-
rior to the frenulum with densely packed pyriform glands, single

muscle layer thickened massively, thus constricting the body
cavity. In such areas the cuticular plaques were very dense
(Fig. 6d).

The opisthosoma consisted of several segments separated
from each other and from the trunk by septa composed of two
myoepithelial layers (Fig. 7a). Each segment was partitioned
by a median mesentery supporting the dorsal and ventral
blood vessel. Conspicuous multicellular epidermal glands
reached into the coelomic cavities (Fig. 7b). The ventral nerve
flattened and broadened within the opisthosoma and concen-
trated to a cord at the posterior end of the opisthosoma.

ventral nerve cord, and paired dorsal blood vessels (asterisk). d Fore-
part posterior to the frenulum with pyriform glands loosely distributed
from dorsal to lateral and ventral nerve encasing the ciliated field.
Abbreviations: bl = blood lacuna; cc = coelomic cavity; cf = ciliated
field; ep = epidermis; df = dorsal furrow; dv = dorsal blood vessel; me
= mesoderm; ml = body wall muscle layer; nc = nerve cord; np =
neuropil; py = pyriform gland; sg = single gland cell; so = somata; vv =
ventral blood vessel

Epidermal structures

Apically, the epidermal supportive cells possessed microvil-
li embedded within a thin cuticle and laid on a basal matrix
(Fig. 8a). Multiciliated cells formed a broad ventral ciliated
field (Fig. 8b). In males, multiciliated supportive cells were
part of the epithelium of the posterior dorsal furrow (Fig. 8c)
and constituted the genital grooves extending from the
dorsal furrow to the genital papillae (Fig. 5b). Although
sensory cells were not specifically sought, none were
noticed.
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Nervous system

The intracpidermal nervous system consisted of the brain
located at the base of the cephalic lobe, a main ventral nerve
cord extending through the entire length of the body, and
numerous small nerves. At the transition from the cephalic
lobe to the forepart, the neurons forming the brain were
differentiated into a central neuropil surrounded by somata
except for the dorsal side (Fig. 4b). All neurites were located
basally to the epidermal cells with the basal matrix under-
lining the nervous cells. Small nerves ran from the tentacles
to the brain. Neurites originating from the brain extended
laterally at the beginning of the forepart. A single ventral
nerve cord continued from the brain (Fig. 4c) and bifurcated
around the ventral ciliated field, which was provided with
many small nerves (Figs. 4d, 8b), and extended over the
whole trunk (Fig. 8d). Within the opisthosoma, the nerve
broadened, forming a ventral nerve field, which concentrat-
ed at the end of the opisthosoma into one narrow cord again.
Over the whole length of the nerve cord we found no giant
axons.

Epidermal glands

Single gland cells with electron-dense granules were distrib-
uted in the epidermis over the whole body, but were con-

spicuously dense on the inner face of the tentacles (Fig. 4a).

Multicellular pyriform glands sensu Ivanov (1963) con-
sisted of a duct and a sac-like glandular region. They were
composed of multiple secretory cells with microvilli

apically facing the glandular lumen. These glands pro-
truded into the interior of the forepart and the trunk.
Although the principal composition of these glands was
similar, the occurrence, density, and microanatomy var-
ied regionally.

Anterior to the frenulum, these glands were extremely
densely packed across the body except midventrally,
where the nerve cord was located (Fig. 4c). They were
characterized by an extensive rough endoplasmic reticulum
(rER) and electron-light, amorphous secretion products
(Fig. 9a, b). In between the frenulum and the ventral
ciliary filed, they were also densely packed, but full of
electron-dark granules, Golgi complex, and rER (Fig. 9c,
d). With the beginning of the ventral ciliated field, the
glands became larger, had a looser dorsolateral distribution
(Fig. 4d), and were composed of glandular cells containing
rER, Golgi complex, and different kinds of granules
(Fig. 9e). All glands of the forepart had openings lacking
epidermal elevations, and they never opened into the
dorsal furrow.

The pyriform glands of the trunk were arranged laterally
in the anterior trunk region and loosely scattered in the
posterior trunk region. Only the anteriorly located glands
opened within lateral epidermal papillae (Fig. 6a). All
glands of the trunk cytologically resembled the glands of
the ciliated region; however, some contained intracellular
bacteria of unknown identity (Fig. 91).

Another type of multicellular gland was found in the opis-
thosoma. Associated with the anterior face of the septa and
provided by blood lacunae, they reached into the

Fig. 5 Region of genital openings and muscles encircling the dorsal
blood vessel (arrowhead) (LM). a Transverse section of female imme-
diately posterior to the dorsal furrow showing the opening of a single
oviduct (arrow). b Transverse section of a male at the end of the
ciliated grooves showing the genital papillae and the openings of the
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sperm ducts. Abbreviations: cc = coelomic cavity; cf = ciliated
field; cg = ciliated groove; ep = epidermis; gp = genital papilla;
ms = mesenchyme; py = pyriform gland; sd = sperm duct; vv =
ventral blood vessel
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Fig. 6 Semithin section series of anterior trunk region with only a few
bacteriocytes embedded within a non-symbiotic mesenchyme (a-b)
and posterior trunk region with massive bacteriocyte tissue (c-d). a
Lateral pyriform glands opening into epidermal papillae devoid of
cuticular plaques; dorsal blood vessel clogged by the intravasal body.
b Ventral and dorsal blood vessel connecting to blood lacunae
(arrowhead); epidermis with papilla bearing cuticular plaque (double
arrowhead). ¢ Posterior end of the trophosome showing bacteriocytes

opisthosomal coelomic cavities (Fig. 7b). The long narrow
glandular ducts extended along the septa through the
muscle layer and the epidermis, and they opened to
the exterior in a pore. Each multicellular glandular com-
plex had a spacious lumen in the center. The glandular
cells connected with apical junctional complexes and
showed microvilli apically. The glandular cells
contained a large lobed nucleus with a prominent nu-
cleolus, extensive rER often arranged in concentric
circles, mitochondria, Golgi complex, and electron-light
granules containing electron-dark patches (Fig. 10a—c).

filling the body cavity. d Thickening of the epidermis and longitudinal
muscle layer in combination with dense arrangement of cuticular
plaques (double arrowhead). Abbreviations: bc = bacteriocyte; bl =
blood lacuna; cc = coelomic cavity; dv = dorsal blood vessel; ep =
epidermis; od = oviduct; iv = intravasal body; lp = lateral papilla; ml =
body wall muscle layer; ms = mesenchyme; py = pyriform gland; vv =
ventral blood vessel

Mesodermal structures and coelomic cavities

The body wall musculature was composed of an outer circular
and an inner longitudinal muscle layer. These were prominent
in the forepart and the trunk (Fig. 8d), but extremely thin in the
opisthosoma (Fig. 10a). The few exceptions were the dorsal
furrow in the anterior region and the tentacles, which exhibited
only a single layer of longitudinal myoepithelial cells (Fig. 8a).

Each tentacle had a central coelom filled by mesenchymal
cells at its base (Fig. 4a, b). These mesodermal strands
connected to the solid mesoderm of the forepart, which was
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Fig. 7 Semithin section series of the opisthosoma. a Opisthosomal
septum consisting of an anterior circular and a posterior longitudinal
myoepithelial layer. b Multicellular epidermal glands with prominent
nuclei (arrowhead) filling the coelomic cavity of the opisthosoma.
Median mesentery (arrow) provided with blood lacunae and

Fig. 8 Ultrastructure of body
wall layer and nervous system.
a Body wall of tentacle
composed of vascularized
epidermis and a single layer of
longitudinal muscle cells; in
between the basal matrix
(arrowhead). b Detail of ventral
ciliated field of the forepart
showing neuropil of one cord of
the bifurcated ventral nerve and
small nerves (arrow head) in-
nervating the ciliated cells. ¢
Ciliated cells forming part of
the dorsal furrow of a male
specimen. d Ventral nerve cord
and body wall layer of the pos-
terior trunk region. Abbrevia-
tions: bc = bacteriocyte; bl =
blood lacuna; cc = coelomic
cavity; cf = ciliated field; cu =
cuticle; ep = epidermis; mc =
myocyte; ml = body wall mus-
cle layer; mm = median mes-
entery; np = neuropil; vv
ventral blood vessel
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suspending the ventral and dorsal blood vessel. Last one at a more
median position. Double arrowhead = uncini. Abbreviations: bl =
blood lacuna; cc = coelomic cavity; cm = circular muscle layer; dv =
dorsal blood vessel; eg = epidermal gland; ep = epidermis; Im =
longitudinal muscle layer; vv = ventral blood vessel
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Fig. 9 Ultrastructure of pyriform glands of forepart a-e and trunk f. a
Pyriform gland anterior to the frenulum b with cytoplasm containing
amorphous secretion products (asterisk) and rER. ¢ Pyriform gland
posterior to the frenulum d with cytoplasm characterized by electron-
dark granules (asterisk) and Golgi complexes. e Detail of a pyriform

composed of mesenchymal cells rich in glycogen and inter-
spersed with intercellular blood lacunae and muscle cells of
different orientations. There was no visible coelomic cavity
within the anterior region (Fig. 4c, d).

The trophosome—an organ of visceral mesodermal
origin (Eichinger et al. 2011) —extended over the entire
trunk. It was composed of a small bacteriocyte popula-
tion and an extensive mesenchyme anteriorly (Fig. 6a,
b), while posteriorly it consisted of a large bacteriocyte
population and a peripheral peritoneum (Fig. 6¢). Only

glandular cell in the region of the ciliated field with granules (asterisk).
f Pyriform gland of the trunk, one glandular cell containing intracellu-
lar bacteria (arrow). Abbreviations: bc = bacteriocyte; gl = glandular
lumen; gc = Golgi comlex; mv = microvilli; nu = nucleus; rER = rough
endoplasmic reticulum

some small spaces between the body wall muscle layer
and the mesenchyme or peritoneum, respectively, repre-
sented the coelomic cavities.

The series of opisthosomal paired coelomic cavities was
partitioned by septa. They were composed of two myoepithelial
layers each that inserted into the body wall muscle layer through
desmosomes. Circular muscles formed the anterior face, longi-
tudinal muscles the posterior face (Fig. 7a). There were no blood
lacunae within the basal matrices between the two muscle
layers.
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Fig. 10 Ultrastructure of epidermal multicellular glands of the opis-
thosoma. a Overview of epidermis, muscle layer with glandular duct
(arrowhead) and glandular cell with rER in concentric circles, next to
blood lacuna. b Glandular cell with large-lobed nucleus and nucleolus.
¢ Detail of glandular epithelium showing apical junctional complex
(arrowhead) and cytoplasm full of electron-light granules containing
electron-dark patches. Abbreviations: bl = blood lacuna; ch = chaetae;
cu = cuticle; gl = glandular lumen; ml = body wall muscle layer; mv =
microvilli; ne = nucleolus; nu = nucleus; TER = rough endoplasmic
reticulum

Vascular system

The vascular system consisted of the dorsal and ventral
blood vessels, the blood vessels of the tentacles, the blood
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vessels of the ovary, and a network of intercellular blood
lacunae.

Each tentacle had two opposing blood vessels located
within the basal matrices between a highly vascularized
epidermis and longitudinal myoepithelial cells. Blood lacu-
nae between the epidermis and the muscle layer, and be-
tween the epidermal cells, connected the two blood vessels
with each other (Figs. 4a, 8a). More proximally the vessels
lay between the epidermis and a mesenchyme (Fig. 4a), and
at the base of the tentacles the vessels could not be traced.

The lining of the ventral and the dorsal blood vessels was
the median mesentery composed of myoepithelial cells ex-
cept for the dorsal vessel of the trunk region where some
bacteriocytes contributed to this epithelium (Eichinger et al.
2011). The two longitudinal blood vessels opened at regular
intervals and connected with a network of intercellular
blood lacunae located within the mesoderm of the forepart
(Fig. 4d), between the mesenchymal cells and/or the bacter-
iocytes of the trunk region (Fig. 6b), and within the median
mesentery of the opisthosoma (Fig. 7b). The dorsal blood
vessel was paired at its anterior end (Fig. 4c), most probably
representing the branches of the afferent vessels of the
tentacles. At the anterior margin of the trunk, within the
region of the genital openings, prominent muscles encircled
the dorsal vessel (Fig. Sa, b). Within the opisthosoma, the
dorsal blood vessel ran at a more central position (Fig. 7b).

A distinct cell cord on the ventral side in the dorsal blood
vessel formed an intravasal body sensu Schulze (2002) over
the whole length of the body except the opisthosoma. It
thickened several times within the trunk, blocking the dorsal
blood vessel (Fig. 6a).

Female reproductive system

A single ovary was located ventrally on the right side of the
ventral blood vessel and started approximately after one
third of the trunk. At its posterior end it bent, forming a
lateral pouch, and passed anteriorly as an oviduct running
parallel to the ovary (Fig. 11a). The oviduct opened dorsally
posterior to the dorsal furrow, slightly anterior to the end of
the ventral ciliated field (Fig. 5a). The wall of the oviduct
consisted of a ciliated epithelium with apical junctional
complexes and a basal matrix surrounded by a thin myoe-
pithelium (Fig. 11b).

Within the ovary the stacked developing eggs increased
in size from anterior to posterior. Oocytes of the posterior
ovary had a large germinal vesicle containing a prominent
nucleolus and were packed with yolk granules and lipid
droplets, indicating that they were in the vitellogenetic
phase of the first meiotic prophase. Oocytes were sur-
rounded by flattened follicle cells as well as by blood
vessels (Fig. 11c). Blood lacunae were in direct contact with
the oocytes, even forming small branches ramifying into the
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Fig. 11 Female reproductive
system. a Semithin transverse
section of the single ovary
provided with small blood
vessels (asterisk), containing
oocytes, located between the
oviduct and the ventral blood
vessel. b Ultrastructure of the
oviduct composed of an inner
ciliated epithelium with apical
junctional complexes
(arrowhead) and a basal matrix
(double arrowhead) surrounded
by a myoepithelium. ¢ Oocyte
in the first meiotic prophase full
of yolk granules and lipid
droplets surrounded by a small
blood vessel, blood lacuna and
flattened follicle cells. d Oocyte
in direct contact with blood la-
cuna ramifying into the
oolemma (arrowhead). e Egg
envelope consisting of extra-
cellular matrix penetrated by
microvilli. f Light microscopy
of oocyte. Abbreviations: bc =
bacteriocyte; bl = blood lacuna;
bv = blood vessel; cc = coelo-
mic cavity; ci = cilium; ep =
epidermis; fc = follicle cell; ge
= germinal vesicle; 1d = lipid
droplet; mc = myocytes; ml =
body wall muscle layer; mm =
median mesentery; ms = mes-
enchyme; mv = microvilli; ne =
nucleolus; oc = oocyte; od =
oviduct; vv = ventral blood
vessel; y = yolk granule

oocytes (Fig. 11d). The egg envelope was formed of an
extracellular matrix penetrated by oocyte microvilli in
regions where the follicle cells were lifted off the oolemma
(Fig. 11e). Oval-shaped eggs detected within the anterior
oviduct were up to 430 pm in length and 110 pm in
diameter (Fig. 11f). We did not detect any sperm in the
female reproductive system.

Male reproductive system

In the male specimen, parts of the epidermis of the posterior
dorsal furrow were ciliated (Fig. 8c). The furrow broadened at
its end, forming two ciliated dorsal grooves extending to two
genital papillae located dorsally, slightly posterior to the end
of the ventral ciliated field (Fig. 5b). These papillae were the
openings of paired sperm ducts full of conspicuous filiform
spermatozoa. The sperm ducts were connected to the ventral

mesentery on either side of the ventral blood vessel (Fig. 12a)
and consisted of two opposite-orientated epithelia (Fig. 12b).

The spermatozoa were composed of a helical acrosome,
an elongated coiled nucleus surrounded by helical mito-
chondria, a short centriolar region, and a long flagellum
with a 9x2+2 pattern (Fig. 12c—f). Neither spermatophores
nor spermatozeugmata could be detected.

Discussion

Biogeography of Sclerolinum contortum and intraspecific
morphological plasticity

The molecular phylogeny of the Siboglinidae based on the

mitochondrial 168 is in agreement with the phylogeny based
on this genetic marker and the nuclear 18S marker (Rouse et
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Fig. 12 Ultrastructure of the male reproductive system. a Sperm ducts
left and right of the ventral blood vessel packed with sperm. b Epithe-
lium of the sperm duct with apical junctional complexes (arrowhead)
surrounded by the coelomic lining (left side); in between the basal
matrix (double arrowhead). ¢ Longitudinal section through spermato-
zoa. d Longitudinal section through the thread-like acrosome attached

al. 2004): Sclerolinum is sister to vestimentiferans, Osedax
is sister to this group, and frenulates are sister to all three.
There is little to no difference in sequences of Sclerolinum
GoM and the Northeastern Atlantic specimens of S. contor-
tum. Although mitochondrial markers have been shown to
have a limited resolution in the cold-seep vestimentiferan
genera Lamellibrachia and Escarpia (Andersen et al. 2004;
Miglietta et al. 2010), the lack of differences likely
indicates that S. contortum has a wide geographic dis-
tribution, from the Gulf of Mexico to the Arctic Sea
(Lazar et al. 2010; Losekann et al. 2008; Pedersen et al.
2010; Smirnov 2000).

The most conspicuous character of S. contortum is its tube,
which is anteriorly highly meandering and posteriorly more or
less straight. Additionally, this species is characterized by a
dense arrangement of the frenular plaques. The measured
specimens from the GoM are larger than the ones from
the arctic HMMV. Nevertheless, regardless of the
worm’s size, several morphological characters, such as
the number and size of frenular plaques, the numbers of
opisthosomal segments, and the length of opisthosoma,
differ between the two populations (Table 1). In the
absence of molecular data, one could have classified
the two populations as separate species. Sequence data
of more Sclerolinum species from various populations
would be useful to improve our knowledge on the intra-
and interspecific morphological variability and biogeog-
raphy of this small genus inhabiting diverse reducing
environments all over the world.
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to the head region. e Transversal section through the nuclear grooves
occupied by mitochondria (arrowhead) and the cilia. f Longitudinal
section through the basal region of the nucleus, the centriolar region
(arrowhead), and flagellum. Abbreviations: ac = acrosome; fl = flagel-
lum; ml = body wall muscle layer; mm = median mesentery; sd =
sperm duct; nu = nucleus; vv = ventral blood vessel

Sclerolinum body organization in comparison
with vestimentiferan and frenulate body organization

Studying the adult morphology and microanatomy of
Sclerolinum contortum GoM and comparing it with the
closely related vestimentiferans and the more distantly re-
lated frenulates, we propose a hypothesis on the Sclerolinum
adult body regions as follows: (1) The forepart plus the
cephalic lobe, containing the brain, is homologous to the
vestimentum of vestimentiferans. (2) The trunk is homolo-
gous to the trunk of vestimentiferans and includes the re-
productive system and the trophosome. (3) The opisthosoma
is homologous to the opisthosoma of vestimentiferans and
frenulates (Fig. 13).
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Fig. 13 Schematic drawing modified from Southward et al. (2005)
comparing the different body regions of a vestimentiferans, b Sclerolinum,
and ¢ frenulates. Abbreviations: cl = cephalic lobe; dIf = dorsolateral folds;
dp = diaphragm; fp = forepart; mr = metameric region; ob = obturaculum;
op = opisthosoma; te = tentacle; tr = trunk; ve = vestimentum
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(1) Several studies homologized the forepart of
Sclerolinum with both the frenulate forepart and the vesti-
mentiferan vestimentum (Hilario et al. 2011; Rouse 2001;
Rouse and Pleijel 2001; Rousset et al. 2004; Southward et
al. 2005; Webb and Ganga 1980). In contrast to this, we
propose that the Sclerolinum forepart, extending from the tip
of the cephalic lobe to the end of the dorsal furrow, corre-
sponds to the vestimentiferan vestimentum, but we do not
consider the Sclerolinum forepart as homologous to the
frenulate forepart. This is supported by cross sections of
the forepart of S. contortum GoM revealing striking simi-
larities with the vestimentiferan vestimentum. Both taxa
exhibit dorsolateral folds either forming the narrow, dorsal
furrow in Sclerolinum or the more extended vestimental
wings of vestimentiferans. In both cases, the epidermis as
well as the somatic musculature contributes to the dorsal
interfolding. A ventral ciliated field bordered by a nerve
cord is restricted to the forepart or vestimentum. The glan-
dular arrangements in these body regions are very similar in
both taxa. In S. contortum GoM the pyriform glands are
densely arranged across the forepart and never open into the
dorsal furrow. In vestimentiferans the glands are distributed
from the nerve cord to the edges of the vestimental wings
(Gardiner and Jones 1993; Malakhov et al. 1996¢, b; Webb
and Ganga 1980). Finally, in neither Sclerolinum nor vesti-
mentiferans does a diaphragm separating this anterior body
region from the trunk exist (Nussbaumer et al. 2006).

In comparison, in frenulates, a dorsal furrow is men-
tioned in several frenulate species (Hilario and Cunha
2008; Ivanov 1963; Southward 1961, 1972; Southward
1991). However, this furrow is only a small interfolding of
the epidermis alone (Ivanov 1963) and does not involve the
somatic musculature as in Sclerolinum and vestimentiferans.
The frenulate forepart is free of a ventral ciliated region.
During development only the posterior part of the neuro-
troch present in the metatrochophore remains as ventral
ciliated field of the anterior trunk in adult frenulates
(Callsen-Cencic and Fliigel 1995). The glandular arrange-
ment of the frenulate forepart is variable between species,
while it is similar in S. contortum GoM and vestimentifer-
ans. Glands seem to be restricted to the region posterior to
the frenulum in frenulates. They are arranged throughout the
whole region in Lamellisabella zachsi (Ivanov 1963), as two
separated patches in Oligobrachia ivanovi (Southward
1959), or confined to one patch just behind the frenulum
in Siboglinum caulleryi (Ivanov 1963). A diaphragm formed
during development and persisting into the adult frenulate
(Ivanov 1963; Southward 1993) delineates the end of the
forepart. Such a structure is absent in adults of Sclerolinum
and juvenile vestimentiferans (Nussbaumer et al. 2006).

In vestimentiferans the vestimentum arises from the pro-
stomium, peristomium, and the anterior part of the first
chaetiger during larval development (Nussbaumer et al.

2006), and the vestimentum is interpreted as the worm’s
head (Bright et al. 2012). Although the developmental fate
of the prostomium and the peristomium in Sclerolinum are
unknown and only developmental studies will ultimately
provide evidence, we suggest that in Sclerolinum the head
is composed of the cephalic lobe (most likely the prostomi-
um) and the forepart (interpreted as the peristomium and the
anterior part of the first chaetiger) and that it is homologous
to the vestimentiferan head. The tentacles are considered
head appendages.

All siboglinids exhibit tentacles; in vestimentiferans and
frenulates they are of different origin. In vestimentiferans,
tentacles and the obturacular region are differentiations of
the first chaetiger (Nussbaumer et al. 2006). In contrast,
detailed drawings of Ivanov (1975) as well as the schematic
drawing of Webb (1964a) clearly show that in the frenulate
metatrochophore the coelom of the tentacles originates from
the anterior most coelom (protocoel sensu Ivanov), which is
located anterior to the paired coelom of the first chaetiger.
We interpreted the Sclerolinum tentacles as anterior differ-
entiations of the first chaetiger, and consequently they are
hypothesized to have a similar origin to those of vestimen-
tiferans. Support comes from the adult organization of the
mesoderm, which is continuous between the tentacles and
the forepart.

In Sclerolinum the brain is located at the base of the
cephalic lobe, a miniscule epidermal extension of the fore-
part, and extends into the anteriormost region of the fore-
part. The brain of vestimentiferans and frenulates develops
in the prostomium of the metatrochophore (Ivanov 1963;
Nussbaumer et al. 2006; Southward 1993). In vestimentifer-
ans, the prostomium and the peristomium merge with the
anteriormost part of the first chaetiger during development,
forming the vestimentum (Nussbaumer et al. 2006), so that
the brain is located at the anterior margin of the vestimen-
tum in adults. In contrast, in the frenulates the prostomium
persists as a prominent cephalic lobe in adults, and the brain
is located within the cephalic lobe and the anterior forepart
(Ivanov 1963; Southward 1993). Therefore we hypothesize
that the cephalic lobe gradually reduced during siboglinid
evolution, leading to an incorporation into the vestimenti-
feran head and consequently to an inclusion of the brain into
the anteriormost part of the vestimentum.

The frenulum of Sclerolinum is variable. In most species,
a row of plaques, sometimes partially fused (Southward
1961; Webb 1964b), is developed. Only in S. major are
scattered plaques limited to a small region reported
(Southward 1972). In S. contortum GoM, however, we
detected an intraspecific variation in the arrangement of
the plaques, either in a row as in most other Sclerolinum
species or in a more scattered distribution more similar to
vestimentiferans. In the latter situation, plaques are distrib-
uted randomly along the outer surface of the vestimentum
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(Gardiner and Jones 1993; Southward 1991). The frenulate
frenulum is a pair of cuticular crests, which develops from
cuticular plaques in Nereilinum murmanicum (Ivanov
1975). Interestingly, the frenula of some species such
as Unibrachium colombianum (Southward 1972) or
Siboglinum meridiale (Ivanov 1963) look like a
Sclerolinum frenulum.

The excretory organs are located in the anterior frenulate
forepart and vestimentiferan vestimentum (Gardiner and
Jones 1993; Ivanov 1963). In spite of careful investigations,
we could not locate an excretory system in Sclerolinum.

(2) Lacking a diaphragm between the forepart and the
trunk, we define the beginning of the Sclerolinum trunk
(interpreted as the posterior part of the first chaetiger) inter-
nally with the beginning of paired trunk coelomic cavities,
the reproductive system, and the trophosome and externally
by the gonopores. This also corresponds to the organization
of vestimentiferans (Webb and Ganga 1980).

The trunk of S. contortum GoM, starting at the level of
the gonopores and terminating with the first opisthosomal
septum, is homologous to the vestimentiferan trunk, which
develops from the posterior part of the first chaetiger
(Nussbaumer et al. 2006). Evidence comes from compara-
tive adult morphology. Vestimentiferans and Sclerolinum
have a trunk lacking a ventrally ciliated region, but covered
irregularly by small plaque-bearing papillae (Gardiner and
Jones 1993; Malakhov et al. 1996b; Webb and Ganga 1980).
Sclerolinum has girdles of uncini at the end of the trunk
(Southward 1972). These might correspond to chaetae
found in juvenile vestimentiferans (Jones and Gardiner
1989; Southward 1988; Southward et al. 2011) but are lost
in adults. The trophosome in Sclerolinum and vestimentifer-
ans extends over the whole length of the trunk and origi-
nates from the visceral mesoderm (Bright and Sorgo 2003;
Eichinger et al. 2011).

In contrast, the frenulate trunk is anteriorly ciliated [orig-
inating at the posterior part of the neurotroch according to
Callsen-Cencic and Fliigel (1995)], exhibits papillae restrict-
ed to specialized regions, and girdles at the mid-trunk posi-
tion (Ivanov 1963; Webb and Ganga 1980). The trophosome
is restricted to the posterior two thirds of the trunk and
develops from the endoderm of the gut (Callsen-Cencic
and Fligel 1995; Southward 1993).

The metameric trunk region of frenulates is characterized
by two rows of large papillae containing pyriform glands.
According to Ivanov (1963), these papillae are bulges of the
epidermis that are separated from the general body cavity by a
basement membrane and musculature. The glands are con-
fined to these papillae. In contrast, in vestimentiferans small
epidermal elevations, called papillae as well, cover the trunk
irregularly. These papillae are the openings of pyriform glands
as well; however, they extend deeply between the muscular
tissues (Malakhov et al. 1996b; van der Land and Norrevang

@ Springer

1977). Our investigations clearly revealed that the two lateral
rows of epidermal papillae restricted to the anterior trunk of'S.
contortum GoM are simple epidermal elevations as described
for vestimentiferans. They are the openings of pyriform
glands extending deeply into the body cavity.

Due to these structural differences, we do not consider
the anterior trunk region of Sclerolinum as homologous to
the metameric region of frenulates. This is in consensus with
Rouse (2001) and Rouse and Pleijel (2001). On the contrary,
Schulze stated that the metameric region was the only syn-
apomorphy for frenulates and Sclerolinum and placed
Sclerolinum as sister to frenulates. Also, the combined mo-
lecular and morphological analysis of Rousset et al. (2004)
scored the metameric region as present in Sclerolinum, and
the tree based on morphological data only shows
Sclerolinum as sister to a clade formed by vestimentiferans
and frenulates.

The Sclerolinum body lacks any internal partition
except for the opisthosomal septa. Instead, there are
some massive thickenings of the epidermis and longitu-
dinal muscle layer in combination with highly abundant
cuticular plaques in the posterior trunk region, which
most probably serve locomotion. Ivanov and Selivanova
(1992) may have erroneously referred to such a con-
striction of the body cavity by describing a septum
behind a very long forepart (referred to as the meso-
soma) of S. javanicum.

(3) Despite some peculiarities, the opisthosoma of
Sclerolinum contortum GoM is homologous to the vesti-
mentiferan and frenulate opisthosoma. It has a median mes-
entery, present in vestimentiferans, but missing in adult
frenulates (Southward 1975). The opisthosomal septa of S.
contortum GoM are composed of two myoepithelial layers
as described for the vestimentiferan metatrochophore
(Bright et al. 2012) and the adult vestimentiferan Riftia
pachyptila (Jones 1981). The vestimentiferan Ridgea pisce-
sae (Southward et al. 2005) and the frenulate Siboglinum
fiordicum (Southward 1975) have only the posterior epithe-
lia of the septa muscular.

We found one type of multicellular gland in the opistho-
soma of S. contortum GoM. These glands are connected to
the blood vascular system and resemble the typical pyriform
glands of Siboglinidae neither structurally nor cytologically.
The adult vestimentiferan R. pachyptila has two kinds of
multicellular opisthosomal glands: one described as short
and broad, the other one as long and slender. Both differ
histologically from the pyriform glands of the rest of the
body, but only the long and slender type is associated with
blood vessels (Jones 1980). In R. piscesae peripheral pyri-
form glands are distinguished from central glands sur-
rounded by blood lacunae (Southward et al. 2005).
Frenulates lack multicellular glands in the opisthosoma
(Southward 1975).
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The opisthosomal blood vascular system of Sclerolinum
consisting of one ventral and one dorsal vessel linked by
blood lacunae located within the median mesentery is
unique within Siboglinidae since in the vestimentiferan
Riftia pachyptila as well as in the frenulate Siboglinum
fiordicum the longitudinal blood vessels communicate
through septal vessels within the opisthosoma only
(Gardiner and Jones 1993; Southward 1975).

Another unique characteristic of the Sclerolinum opistho-
soma is a broad ventral nerve field. One single nerve cord is
described from the vestimentiferan opisthosoma (Jones
1980; Malakhov et al. 1996b) and three separated nerve
cords from the opisthosoma of the frenulate S. fiordicum
(Southward 1975).

Reproductive systems and reproduction

In Sclerolinum contortum GoM as well as in vestimentifer-
ans the sex can be differentiated externally by the presence
of ciliated grooves extending anteriorly from the male gon-
opores (Gardiner and Jones 1993; Webb 1977). The filiform
mature spermatozoa of Sclerolinum are of the modified
sperm type sensu Franzén (1956) and the ent-aquasperm
type sensu Rouse and Jamieson (1987), and they correspond
with the sperm morphology found in other Siboglinidae,
including Osedax species. In all four siboglinid taxa, mature
sperm are elongated cells with a helical acrosome, a helical
nucleus wrapped by mitochondria, and a long flagellum
(Franzén 1973; Gardiner and Jones 1985; Katz unpubl.
PhD thesis). The spermatozoa of Sclerolinum lie unpack-
aged within the sperm ducts. Free sperm is also reported
from Osedax (Katz unpublished PhD thesis), whereas in
frenulates sperm is bundled into spermatophores and in
vestimentiferans into spermatozeugmata (Ivanov 1963;
Jones and Gardiner 1985).

Only the right side of the female reproductive system
exists in S. contortum GoM, forming a U-shaped system.
A bent female reproductive system is the norm in vestimen-
tiferans and frenulates (Hilario et al. 2005; Ivanov 1963;
Webb 1977). An asymmetry of the female reproductive
system with one side much shorter than the other is reported
from the vestimentiferans Lamellibrachia barhami (Webb
1977), Tevnia jerichonana (Gardiner and Jones 1993), and
Ridgeia piscesae (Malakhov et al. 1996a), but not in Riftia
pachyptila (Gardiner and Jones 1993). No asymmetry is
mentioned from frenulate females. On the other hand,
females of Osedax have one long gonoduct running along
the trunk, possibly leading to a single ovary filling the
ovisac (Rouse et al. 2004, 2008).

As far as is known, fertilization is internal in frenulates
(Southward 1999), Osedax (Rouse et al. 2009, 2008), and
vestimentiferans (Hilario et al. 2005). Female vestimentifer-
ans have a region of sperm storage at the posterior end of the

oviducts, and zygotes are released as primary oocytes (Hilario
et al. 2005). Although we could not detect sperm within the
pouch of the oviduct by light microscopy, it probably
represents a spermatheca. This would point to an inter-
nal insemination in Sclerolinum as well. Nevertheless,
investigations on sperm uptake, fertilization, and larval
development of Sclerolinum are urgently needed.

Conclusion

To date, Sclerolinum species have been described exclusively
by the external morphology. This study provides, for the first
time, a detailed description of the internal adult anatomy of a
Sclerolinum species, confirming the close relationship be-
tween the sister taxa Sclerolinum and vestimentiferans. The
Sclerolinum forepart, including the miniscule cephalic lobe,
corresponds in its organization to the vestimentiferan
vestimentum. We suggest referring to this region as
the head. The Sclerolinum trunk corresponds to the
vestimentiferan trunk. There is no diaphragm separating
the head from the trunk. Future attempts to find
Sclerolinum larvae would be useful to trace the fate of
the prostomium, peristomium, tentacular coeloms, and
the coelom of the first chaetiger to elucidate the devel-
opmental origin of the Sclerolinum body regions.
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