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Abstract

Supervisor; Dr. Verena Tunnicliffe

Vestimentifera inhabit hydrothermal vents, cold-water seeps and other marine 

reducing habitats. The objectives of this study were to analyse phylogenetic relationships 

among the extant species and their affinities to perviate and moniliferan Pogonophora and 

Polychaeta. The phylogeny was reconstructed using morphological characters to test 

phylogenetic hypotheses based on molecular data. Morphological characters were partly 

extracted from the literature and partly gained throughout study of gross morphological 

and anatomical investigations and light, transmission and scanning electron microscopy. 

Three aspects of morphology were examined in detail in nine vestimentiferan species.

The excretory system differs among the vestimentiferan species in the number of 

excretory pores, absence/presence of excretory papillae and grooves and shape of the 

excretory ducts. The anatomy of the excretory system resembles that shared by the 

polychaete families Serpulidae. Sabellidae and Sabellariidae. Chaetal ultrastructure and 

chaetogenesis show patterns similar to uncini in polychaetes. Contraiy to published 

accounts, the septa dividing the opisthosomal segments only bear musculature on their 

posterior faces. A rudimentary gut and anus are present in opisthosomes of specimens up 

to adult size. The blood vascular system includes an intravasal body in the dorsal vessel 

with ultrastructural characteristics similar to intravasal tissue in Terebellidae, 

Ampharetidae, Flabelligeridae and Serpulidae, and is probably involved in hemoglobin 

production. Hemocytes were detected in many blood vessels, most of them attached to 

the vascular lamina. The sinus valvatus is a specialised region of the anterior ventral 

vessel, apparently unique to vestimentiferans. The wall of the dorsal vessel is formed by 

myoepithelial cells, representing a coelomyarian type o f double obliquely striated 

musculature. Phylogenetic analyses including a total of 17 vestimentiferan species and 

three perviate species as outgroups support molecular interpretations that the 

vestimentiferan species inhabiting basalt-hosted vents of the Eastern Pacific represent a 

derived monophyletic clade. According to the reconstructed phylogeny, the ancestral 

habitat of Vestimentifera was deep-water sedimented vent sites in the Western Pacific. 

Analysis of the relationships among Pogonophora and six polychaete families placed
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Pogonophora at the base of a clade including Sabellidae, Serpulidae and Sabellariidae. 

The Oweniidae represent the sister group to this clade.
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CHAPTER 1
Introduction

Vestimentifera are marine tube-dwelling worms that almost exclusively inhabit 

deep sea hydrothermal vents and cold-water seeps. Approximately 25 species are 

currently known, many of them still lacking scientific descriptions (see Chapter 5, Table 

5.1). As more seep and vent sites are explored and investigations on their biota continue, 

it is expected that more species will be recovered.

As adults, Vestimentifera lack a functional digestive system. Their nutrition is 

derived from chemoautotrophic microbial symbionts hosted in the trophosome. a 

specialised tissue located in their elongated trunk region. A long trunk region with 

chemoautotrophic symbionts and the absence of a gut are shared by two other groups of 

tube worms that have long been considered related to Vestimentifera. One of them is the 

Perviata. a taxon comprising over 130 species (Southward 2000). The other one is the 

little known Monilifera, with only six species of the family Sclerolinidae as their only 

known representatives.

The vestimentiferan body can be divided into four regions (Fig. 1 A). The anterior 

region, called the obturaculum, is either circular or V-shaped in cross section. Its two 

bilaterally symmetrical halves are each completely enclosed in cuticle. The obturaculum 

serves as a supporting structure to the branchial filaments that originate from the anterior 

vestimentum. the second body region. The branchial filaments are organised in paired 

half-circular lamellae. The vestimentum is characterised by two dorsolateral folds 

continuous with an anterior collar. The ventral side bears a pear-shaped or elongate 

ciliated field. Brain, excretory organs and heart are all located in the anterior 

vestimentum. Adjacent to the vestimentum is the elongated trunk region in which the 

gonads and the trophosome are enclosed. The posterior body region, or opisthosome. 

consists of up to 95 segments, with rows of uncini on the anterior ones.

Perviata lack a paired anterior structure similar to the obturaculum in 

Vestimentifera. Their anterior body region is the cephalic lobe. The branchial filaments, 

or tentacles, are fewer in number than in vestimentiferans and originate near the base of 

the cephalic lobe. Adjacent to the cephalic lobe is the forepart, characterised by a
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Figure 1: Morphology o f Vestimentifera, Per\'iata and Monilifera. A. Anterior body 
regions and opisthosome of the vestimentiferan Ridgeia piscesae\ left: dorsal view, 
middle: ventral view, right: opisthosoma. B. Generalised perviate. C. The moniliferan 
Sclerolinum major, b f  branchial filamments; ch, chaetae; cl, cephalic lobe; dg, dorsal 
groove; dlf, dorsolateral folds; epa, enlarged papillae; fr, frenulum; fp, forepart; g, 
girdles; mpa, metameric papillae; obt, obturaculum; sau, saucers; tr, trunk; vcf, ventral 
ciliated field; ves, vestimentum. (Fig. 1A modified from Southward et al. 1995 and 
Southward 2000, Figs IB and C from Southward 2000).



cuticular structure that runs obliquely around it. This structure, termed frenulum, was 

responsible for the name Frenulata suggested by Webb (1969) (Table 1). In contrast to 

the vestimentiferan trunk, the trunk of perviates shows regional differentiation (Fig. IB). 

A segmented opisthosoma is also present, but differs from the vestimentiferan 

opisthosoma by the presence of only four rod-shaped chaetae per segment instead of 

uncinal rows. Monilifera have a very small cephalic lobe and no clear distinction 

between forepart and trunk (Fig. 1C). The trunk is not divided into specialised regions. 

The posterior end of the trunk and the anterior opisthosomal segments bear rows of 

uncini.

Opinions about the phylogenetic affinities and taxonomic ranks of Vestimentifera. 

Per\ iata and Monilifera have shifted remarkably throughout the history of scientific 

investigations on these taxa (Table 1). Because the opisthosome, which often breaks off 

during retrieval of specimens, was unknown to early researchers and a mouth is only 

present in early developmental stages, Pogonophora were often regarded as tripartite 

organisms with the nerve cord considered dorsal; such attributes suggested deuterostome 

affinities. This view started to shift after the first description o f an opisthosome (Webb 

1964a) and the availability of developmental data (Webb 1964b: Bakke 1975). The most 

recently published classification regards Perviata. Vestimentifera and Monilifera as 

subclasses of the annelid class Pogonophora (Southward 2000). Without a priori 

accepting these taxonomic ranks, the names are adopted in this thesis. Whereas the name 

Vestimentifera goes back to Webb (1969), the name Perviata was first suggested by Jones 

(1981). Ivanov (1994) introduced the name Monilifera. Rouse and Fauchald (1997) 

proposed to group both Perviata and Vestimentifera together into a single polychaete 

clade Siboglinidae. This view requires a revision of the taxonomy as new names will be 

needed for the subgroups within the clade.. Until this has been accomplished, the older 

names will be most useful as they are widely understood in the scientific community.

During the course of this study, I assembled morphological datasets using 

external, anatomical, histological and ultrastructural characterisitics of Vestimentifera. 

Cladistic analysis of the datasets was performed with two objectives: 1. to reconstruct the 

evolutionary history of the species within the Vestimentifera and 2. to determine 

phylogenetic affinities of Vestimentifera with Perviata, Monilifera and Polychaeta.



Table 1 : History of classification of Vestimentifera and Perviata

Author(s) Major contribution Suggested
classification/phylogenetic
affinities

Caullety 1914 Description o f  Siboglinum weberi. first 
perviate pogonophoran species

Family Siboglinidae

UschakoV 1933 Description o f  Laniellisabella zachsi Subfamily o f  the Sabellidae

Johansson 1937, 1939 Anatomical investigations on L. zachsi Class Pogonophora in the 
Vermes Oligomera

Beklemishev 1944 Zoological textbook Phylum Pogonophora 
(Deuterostomia)

Caullery 1948 Contribution to a classification o f  the 
animal kingdom

Phylum Stomochorda (= 
Hemichordata)

Dawydoff 1948 Re-analysis o f  Caullery's (1914, 1948) 
data

Phylum Stomochorda (= 
Hemichordata)

Ulrich 1949 Discussion o f  Johansson's (1937. 1939) 
data

Phylum Pogonophora 
(Archicoelomata)

Ivanov 1955 Analysis o f  data on Siboglinum  and 
LamellIsabella

Phylum Brachiata. Class
Pogonophora
(Deuterostomia)

Ivanov 1963 Monograph o f  the Pogonophora Phylum Pogonophora 
(Deuterostomia)

Webb 1964b First description o f  an opisthosome 
{Siboglinum fiordicum )

Phylum Pogonophora

Webb 1969 First description o f  a vestimentiferan 
{Lam ellibrachia barhami)

Phylum Pogonophora. 
Classes Frenulata and 
Afrenulata. order 
Vestimentifera

Norrevang 1970 Interpretation o f  opisthosome and 
embryology

Protostomia. closely related 
to Annelida

Van der Land and Norrevang 
1975.1977

Detailed description o f  Lamellibrachia 
luymesi

Phylum Annelida, classes 
Vestimentifera and 
Pogonophora

Jones 1981 First description o f  a vestimentiferan 
from hydrothermal vents

Phylum Pogonophora. 
subphyla Obturata (with 
order Vestimentifera) and 
Perviata (Protostomia)

Jones 1985 Descriptions o f  six new  
vestimentiferan species

Phyla Vestimentifera and 
Pogonophora (Protostomia)



Table 1 (continued)
5

Author(s) Major contribution Suggested
classification/phylogenetic
affinities

Mafié-Garzôn and Montero 1986 Description o f  the vestimeniferan - 
Lamellibrachia victori

Phylum Mesoneurophora 
(Deuterostomia)

Suzuki et al. 1989; Kojima et al. 
1993; Suzuki et al. 1993; Black et 
al. 1997; McHugh 1997

Analysis o f  molecular sequence data 
(hemoglobin amino acid sequence, 
elongation factor la ,  cytochrome 
oxidase 1)

Derived annelids

Winnepenninckx tr/a/. 1995 Analysis o f  18s rRNA Affinities to Echiura

Winnepenninckx e t al. 1998 Analysis o f  18s rRNA Affinities to Ectoprocta

Rouse and Fauchald 1995 Cladistic analysis with morphological 
data o f  various animal phyla

Lamellisabellidae
(Polychaeta)

Rouse and Fauchald 1997 Cladistic analysis o f  morphological 
data o f  polychaete families

Siboglinidae (Polychaeta)

Boore and Brown 2000 Gene order data o f  mitochondrial 
genome

Derived annelids



Both aspects have previously been examined using molecular tools. The phylogenetic 

hypotheses resulting from these studies partly contradict each other (see chapters 5 and 

6). To choose between these conflicting hypotheses, the results o f the morphological 

analyses will be of prime importance.

Three aspects o f vestimentiferan morphology were examined in detail to add to 

the comparative database. The excretory system (Chapter 2) represents a useful set of 

characters for both the analysis of relationships among the vestimentiferans and the 

phylogenetic affinities o f  vestimentiferans with perviates and polychaetes. Chapter 3 

describes aspects of the opisthosome with an emphasis on the ultrastructure of chaetae 

and chaetogenesis. With these characters, prior assumptions of chaetal structure and 

formation can be tested that were used in the past to indicate perviate and vestimentiferan 

phylogenetic affinities (Bartolomaeus 1995). Chapter 4 examines the blood vascular 

system with a focus on the ultrastructure and potential functions of the intravasal body, a 

structure also common in many polychaete families.

The relationships among the vestimentiferan species are relevant in the context of 

the phylogenetic affinities between seep and vent fauna. Analysis of cytochrome oxidase 

1 amino acid and nucleotide sequence data suggests an evolutionary origin of 

vestimentiferans in cold-water seeps and the subsequent colonisation of basaltic vents by 

a single lineage (Black et al. 1997). This result disagrees with Williams et al. (1993) 

who do not find clear phylogenetic separation between vent and seep species. Other 

phylogenetic studies o f vent and seep inhabiting taxa have been conducted on 

bathymodiolid mussels (Craddock et al. 1995), vesicomyid clams (Peek et al. 1997) and 

bresiliid shrimp (Shank et al. 1999). Whereas vent-inhabiting bathymodiolid mussels are 

clearly derived from seep-endemic species, the situation is less obvious in vesicomyid 

clams. In this group, there seems to be no correspondence between habitat and 

phylogeny. Bresiliid shrimp may have originated in the vent environment and colonised 

seeps subsequently, but more extensive studies are required to confirm this hypothesis.

The unusual Bauplan of Vestimentifera and their morphological differences from 

other Pogonophora has led researchers in the past to the conclusion that these animals 

deserved the status of a separate phylum (Jones 1985; Mafié-Garzôn and Montero 1986). 

In their treatise on Lamellibrachia, Van der Land and Norrevang (1977) conclude that
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"...the regionation of the body in Vestimentifera is unique and no evident homologues are 

found neither in Polychaeta nor in Pogonophora" (p. 95). On the other hand, recent 

cladistic studies based on morphological evidence (Bartolomaeus 1995; Rouse and 

Fauchald 1995: Rouse and Fauchald 1997) found enough links between vestimentiferans 

and perviates to consider them closely related to each other and furthermore regard them 

as derived polychaetes. This view is widely supported by molecular evidence (Suzuki et 

al. 1989, 1993; Kojima e/cr/. 1993; McHugh 1997; Kojima 1998; Boore and Brown 

2000).

The morphological dataset presented in Chapter 6 is based on Rouse and 

Fauchald's (1997) dataset, but I constructed it using a different coding strategy and 

included only six polychaete families in addition to the Pogonophora. The dataset 

contains character states of vestimentiferans previously unknown and includes some 

additional characters. The modified dataset is used to test Rouse and Fauchald's (1997) 

phylogenetic hypothesis of pogonophoran relationships within a group of derived 

polychaetes.

Several units o f this thesis are intended for publication. Chapters 2 and 3 are in 

press with the Journal o f  Morphology and Acta Zoologica. The Appendix has been 

submitted to the Journal o f Natural History. Chapters 5 and 6 will be published in a 

modified format.

This thesis provides insight into morphological characteristics and phylogenetic 

relationships of a group of invertebrates only recently discovered. The first perviates 

were described early in the twentieth century, but Vestimentifera were unknown until 

1969. Within the past 31 years, the amount of knowledge on vestimentiferan physiology, 

metabolism, reproduction, symbiosis and habitat requirements has increased 

tremendously. Yet, a well established phylogeny, to which this study contributes, is 

required to place this knowledge into an evolutionary context.
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CHAPTER 2

Comparative Anatomy of Excretory Organs in Vestimentiferan Tube
Worms (Pogonophora, Obturata)

Schulze, A. Journal o f  Morphology, in press.

Abstract

In the past, the excretory systems of only few vestimentiferan species have been 

examined in detail. This study presents comparative data on eight species on the basis of 

histological serial sections. Ridgeia piscesae was studied by transmission electron 

microscopy. All species examined possess a central excretory organ consisting of 

numerous small branching and intertwined excretory tubules. These are connected to 

voluminous glandular excretory ducts that lead to the exterior by single or paired 

excretory pores located at the anterior end of the vestimentum. A comparative analysis 

shows differences among the species with regard to several features, such as the number 

of excretory pores, presence/absence of excretory grooves and papillae, position of the 

excretory organ relative to the brain, and the shape of the excretory ducts. Neither 

podocytes nor coelomoducts could be detected; therefore there is no indication of the 

presence of metanephridia. The vestimentiferan excretory system shows some 

similarities with the design in Athecanephria (Pogonophora, Per\ iata) and a general 

resemblance to the design in sabellid polychaetes. even though in the latter, 

metanephridia are clearly present.

Introduction

Vestimentifera (= Obturata) and Perviata represent two groups within the 

Pogonophora. Recently, Pogonophora have been integrated into the polychaetes 

(Bartolomaeus 1989; Rouse and Fauchald 1995, 1997; McHugh 1997). They were 

reduced to family status and assigned the name Siboglinidae (Rouse and Fauchald 1997). 

However, the old names Vestimentifera and Perviata cause the least confusion and will 

therefore be used in this paper.
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Data about the excretory system of Vestimentifera are sparse: only three species 

have been examined by light microscopy. The excretory organ is located in the 

\ estimentum, a muscular body region between the obturaculum with the branchial 

filaments and the extended trunk region. At the anterior end o f the vestimentum. the 

excretory organ lies posterior to the brain and ventral to the heart. The nature of the 

excretor) system has raised some controversy in the literature. Whereas some authors 

state that there is no connection to the coelom (Webb 1975; Van der Land and Norrevang 

1977). Jones (1985) found that such a connection is present in two species. .According to 

a functional model by Ruppert and Smith (1988) and Smith and Ruppert (1988). 

Vestimentifera are likely to have metanephridia since they have a closed, well-developed 

blood vascular system. If metanephridia are present, they should be associated with a 

blood vessel adjacent to a coelomic space. Podocytes and coelomoducts should be 

detectable.

In this study, anatomical details of the excretory systems of eight vestimentiferan 

species are examined in order to (1) resolve conflicts in the literature about the nature of 

the excretor>' organs, and (2) explore the usefulness of the excretory system for 

phylogenetic studies o f vestimentiferan relationships.

[Materials and Methods

The excretory systems of eight vestimentiferan species, listed below, were 

examined by light microscopy (LM). Ridgeia piscesae was examined by transmission 

electron microscopy (TEM). Oasisia sp. is probably Oasisia alvinae Jones, 1985 but 

may be an undescribed species. Obturata n. sp. 1, Obturata n. sp. 2 and Lamellibrachia 

sp. are undescribed species; descriptions are in progress'.

Specimens were fixed in 7% buffered formalin, unless indicated otherwise.

' Obturata n. sp. 1 : a new species, allied to Escarpia, but possibly a new genus from the 
Louisiana Slope, Gulf o f Mexico (Steven Gardiner, personal communication); Obturata 
n. sp. 2: Paraescarpia echinospica, see Appendix (the name could not yet be used in the 
manuscript); Lamellibrachia sp.: a new species o f Lamellibrachia from the Louisiana 
Slope, Gulf of Mexico (Steven Gardiner, personal communication).
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Ridgeia piscesae Jones, 1985, Axial Seamount, Juan de Fuca Ridge, June 1997, three 

specimens, vestimentum diameter (vd) 5.1 mm, 3.5 mm and 2 mm, respectively; latter 

two specimens fixed in 2.5% glutaraldehyde in Millonig's phosphate buffer. Tevnia 

jerichonana Jones, 1985. 13°N site. East Pacific Rise (EPR). Nov. 1987. one specimen, 

vd 4.7 mm. Oasisia sp. 13°N site, EPR, Nov. 1987. two specimens, vd 4.1 mm. 4.7 mm. 

Riftia pachyptila Jones, 1981, 9°N site, EPR, Dec. 1997, one specimen, vd. 5.1 mm. 

fixation in 3% glutaraldehyde, 1.5% paraformaldehyde, 1.5% acrolein in cacodylate 

buffer. Lamellibrachia sp. Louisiana Slope, Gulf o f Mexico (GoM), 1997. one 

specimen, vd 4.1 mm. Escarpia laminata Jones, 1985, Florida Escarpment, GoM, June 

1992, two specimens, vd 7 mm and 9 mm, fixation in 70% ethanol. Obturata n. sp. 1. 

Louisiana Slope, GoM, 1997, one specimen, vd 2.6 mm. Obturata n. sp. 2, Edison 

Seamount, near New Ireland, July 1998, one specimen, vd 10 mm.

For light microscopy, the anterior parts of whole specimens (previously fi.xed in 

7% buffered formalin) were cut into pieces of up to 1 cm length so that one of the pieces 

comprised the posterior obturaculum and anterior vestimentum. The pieces were rinsed 

with running tap water for 4-5 h and then left in tap water overnight. They were 

dehydrated in an ethanol series up to 100%. For the embedding, JB-4 plastic resin was 

used. The specimens were infiltrated in catalyzed JB-4 solution A for 4-5 h at room 

temperature in a rotary mixer and subsequently overnight at 4°C. They were placed into 

the final resin in plastic embedding molds sealed with plastic stubs. Polymerization was 

complete after approximately 3 hours.

The blocks were glued to metal stubs and serial cross sections of 3 pm were made 

with glass knifes on a Sorvall Porter-Blum JB-4 microtome. The sections were stained 

with toluidine blue and mounted using Permount, DPX Mountant or Entellan. 

Photographs were taken with a Zeiss microscope equipped with a 35 mm camera.

For TEM examination, specimens of Ridgeia piscesae were fixed in 2.5% 

glutaraldehyde in 0.2 M Millonig’s phosphate buffer with 0.14M NaCl (osmolality: 970 

milliosmoles, pH 7.4), rinsed with a 1:1 mixture o f Millonig’s phosphate buffer and 0.6 

M NaCl, postfixed in 1% OsO^ and dehydrated in an ethanol series up to 100%. 

Propylene oxide was used as a transitional agent. Specimens were infiltrated in a 1:1
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mixture o f Spurr resin and propylene oxide for approximately 8 h at room temperature in 

a rotary mixer, followed by a 3:1 mixture o f resin and propylene oxide for the same 

amount o f time. They were placed in embedding molds containing pure resin and 

infiltrated for another 8-10 h. Polymerization was accomplished at 60°C for 24 hrs.

Semithin sections (1 pm) were cut with glass knives on a Reichert OM U2 

microtome and stained with Richardson’s stain (Richardson et al. 1960). Thin sections 

were cut with glass knives or a diamond knife and mounted on 200 mesh grids. Staining 

was performed with uranyl acetate (2%, pH 4.5, 1.5 h) and lead citrate (0.1%. 15 min). 

The sections were viewed with a Hitachi 7000 transmission electron microscope at 75 

kV.

The LM negatives and the TEM prints were scanned and edited in Adobe 

Photoshop. The editing involved cropping, resizing, adjustment of brightness, contrast 

and sharpness and removing obvious contaminations.

Results

General anatomy o f  the excretory system

In vestimentiferans, the excretory system is situated in the anterior vestimentum 

at the level where the ventral nerve cord branches to run along both sides of the ventral 

ciliated field (Fig. 2.11). In living, undissected specimens, the excretoiy organs can often 

be located with the naked eye since they may contain significant amounts of brown 

material. It is difficult to observe their anatomy by dissection since they are embedded in 

the dense connective tissue of the vestimentum and easily break apart.

In all previously described species, as well as in the ones discussed here, the bulk 

o f the excretory organ lies posterior to the brain, in the region of the heart (Fig. 2.11)

This central unit is called the excretory gland (Webb 1975), excretory tree (Van der Land 

and Norrevang 1977; Malakhov et al. 1996) or excretory organ (Gardiner and Jones 

1993). The excretory organ consists o f numerous small and branching intertwined 

tubules. In all species examined, its anterior extension is unpaired and penetrates into the 

brain where it runs ventral to the obturacular vessels and their surrounding coelomic 

(perivascular) cavities (Figs. 2.11, 2.3A). However, in no case could a connection be
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Figure 2.1 : Schematic arrangement o f the organs in the anterior vestimentum in dorsal 
(A-H) and lateral view (I). A. Ridgeia piscesae. B. Tevnia jerichonana. C. Oasisia sp. D. 
Riftia pachyptila. E. Escarpia laminata. F. Lamellibrachia sp. G. Obturata n. sp. 1. H. 
Obturata n. sp. 2. I. Ridgeia piscesae. ap, anterior process o f excretory organ; apv. 
afferent plume vessel; br, brain; c. cuticle; dbv, dorsal blood vessel; ed. excretor>' duct: 
eo. excretory' organ; ep. excretory' pore: epv. efferent plume vessel: h. heart: ov. 
obturacular vessel; sv. sinus valvatus; vbv. ventral blood vessel; vcf. ventral ciliated 
field.
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observed between the ciliated ducts of the excretory organ and the perivascular cavities. 

The anterior median extension fuses posteriorly with a larger mass o f excretory' tubules. 

This mass may be partly paired, but in all examined species there is also an unpaired 

portion.

The excretory organ is connected to a pair of excretory ducts that may form blind 

sacs at the posterior end; they lead to the exterior at the anterior end, except in Riftia 

pachyptila where the excretory pores are located posterior to the actual excretory organ. 

The excretory pores may be paired or single and are situated on the dorsal side, close to 

the base o f the obturaculum. Depending on the species they may or may not lie on 

papillae and the distalmost portion of the duct may or may not be lined with cuticle (Fig.

2.1 A-H. Table 2).

Excretory organ

In Ridgeia piscesae, the bulk of the excretory organ is fused and situated dorsally 

and posteriorly to the brain (Fig. 2 .1 1). Its posterior part lies between the heart on the 

dorsal side and the anterior extension of the ventral blood vessel on the ventral side. In 

the area where the efferent plume vessels join to form the sinus valvatus, the excretory 

organ splits into right and left posterior lobes. Here, the largest tubules with a diameter 

of up to 170 pm are found (Fig. 2.2B). Their epithelia are cuboidal, densely ciliated and 

their lumina often enclose amorphous material (Fig. 2.2B). The larger tubules are lined 

with glandular cells with small bodies in the cytoplasm that stain dark blue with toluidine 

blue. It is difficult to trace a single duct back to its origin. It can be seen, however, that 

the tubules branch as opposed to being merely a pair o f simple tubules that are coiled.

No separation between right and left halves of the excretory organ is detectable. .A.s in R. 

piscesae, most o f the excretory organ in Tevnia jerichonana is fused and its anterior 

extension lies dorsal to the brain. The largest tubules (max. diameter 21 pm) are found 

in the area just below the junction of the efferent plume vessels (Fig. 2.3C). In Oasisia 

sp., the excretory organ is paired in its anterior part where it lies on both sides of the 

brain, and is fused in its posterior part (Figs. 2.1C, 2.2C). The tubules with the largest 

diameter (16 pm) are found in the periphery of the organ. The excretory organs in
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Figure 2.2: Cross sections in various areas of the excretory system, LM. A. 
Lamellibrachia sp., showing junction of paired excretory ducts to form the single 
excretory pore (arrow), obturacular vessels (arrowheads). B. Ridgeia piscesae, Junction 
of efferent plume vessels in the area of the sinus valvatus; note excretory tubule 
containing amorphous material. C. Oasisia sp., excretory organ, excretory ducts and 
heart. D. Obturata n. sp. 2, anterior process, extending from excretory organ, with 
longitudinal folds (arrows), ap, anterior process of excretory organ; br. brain; ed. 
excretory^ duct; eo. excretory organ; epv. efferent plume vessels; et; excretoiy tubule; h. 
heart.
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Obturata n. sp. 1 and Lamellibrachia sp. are very similar to each other in shape (Fig.

2.1 F.G). They are fused for the largest part and extend from the dorsal area of the brain 

anteriorly to the sinus valvatus posteriorly. The largest tubules are found just posterior to 

the brain. Their maximum diameter is 10 pm in Obturata n. sp. I (Fig. 2.3B). and 20 pm 

in Lamellibrachia sp. The excretoiy system in Escarpia laminata differs from that of 

Lamellibrachia sp. and Obturata n. sp. 1 in that there seem to be several connections 

between the excretory ducts and the excretoiy' organ. The maximum diameter of the 

excretory tubules is about 40 pm. The excretory system of Obturata n. sp. 2 is also 

similar to the design in Obturata n. sp. 1 and Lamellibrachia sp. (Fig. 2.3E). However, 

there is a process extending forward from the excretory organ all the way through the 

brain and into a sort o f tubular outpocketing of the vestimentum, amid the branchial 

filaments (Figs. 2.1H, 2.2D). This outpocketing bears longitudinal folds and is filled 

with a spongy tissue. In Riftia pachyptila only a small portion of the excretory organ is 

fused (Fig. 2 .ID). In addition to the anteriormost extension that protrudes into the brain, 

there is only a small unpaired area, just posterior to the brain. Unlike other species, this 

portion lies ventral, not dorsal to the brain. The bulk of the organ is paired and lies on 

both sides of the sinus valvatus. The largest tubules (max. diameter 25 pm) are found in 

the fused portion, adjacent to the joint blood vessel of the efferent plume vessels. Figure 

2.3D show s that this vessel sends off a small branch that protrudes into the excretory 

organ.

Excretory ducts

In Ridgeia piscesae the excretory ducts are the most prominent parts of the 

excretory system. In cross section, their epithelia show thickened areas alternating with 

thin portions, which makes the epithelium appear folded (Fig. 2.4D). Throughout most 

of their length, the excretory ducts are accompanied by the efferent plume vessels (Fig. 

2.11). The epithelial cells are densely ciliated and glandular. The ciliary rootlets are 

simple and striated. The nuclei are situated in a medial position. The apical parts o f the 

cells contain granules o f  small diameter (maximum diameter 1.5 pm) that stain dark blue 

with toluidine blue. The basal parts of the cells often contain large vacuoles (Fig. 2.5C).
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Figure 2.3: Cross sections through excretory organ. LM. A. Escarpia laminata. anterior 
portion of excretory organ, extending into the brain, accompanied by the obturacular 
vessels (arrowheads) and their perivascular cavities (asterisks). B. Obturata n. sp. 1. 
showing excretory tubules ventral to the heart. C. Tevnia jerichonana. D. Riftia 
pachyptila, showing a blood vessel (asterisk) in the excretory organ. E. Obturata n. sp. 2, 
showing blood spaces (asterisks) amongst the excretoiy tubules. F. Ridgeia piscesae, 
note darkly stained amorphous material in excretory tubules; ed, excretory duct; eo, 
excretory organ; epv, efferent plume vessel; et, excretoiy tubule.
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Figure 2.4: Cross sections through excretory ducts, LM. A. Oasisia sp., right side 
adjacent to body wall. B. Riftia pachyptila. right side adjacent to body wall. C. Tevnia 
jerichonana. distal portion. D. Ridgeia piscesae. detail o f ciliated epithelium. E. 
Lamellibrachia sp.. F. Tevnia jerichonana. proximal portion.
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Figure 2.5: Ridgeia piscesae. TEM. A. Excretory duct, lumen containing cilia and 
excretor) bodies (arrows). B: Close-up of excretory' body. C. Vacuolated epithelium of 
excretory duct. D. Ciliated excretory tubule in excretory organ, ci. cilia; cr. ciliary 
rootlets; ev, endocytotic vesicles; ly. lysosomes; mf. myofilaments; n. nucleus; v. 
vacuoles.
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The lumen of the ducts contains globular to irregular bodies up to about 9.5 pm diameter 

(Fig. 2.5A. B) and partly amorphous material. Dark and light vesicles (probably 

lysosomes and endocytotic vesicles, respectively) are situated in the cells (Fig. 2.5D).

The epithelium of the distal excretory ducts in Tevnia jerichonana is only 4-5 pm thick 

(Fig. 2.4C). The dark granules in the epithelial cells described in Ridgeia piscesae and 

Riftia pachyptila could only be observed in the proximal portion of the ducts where the 

epithelium is thicker (up to 30 pm thick) (Fig. 2.4F). In some places, the epithelium 

looks as if it has been ripped off from the surrounding tissue. This may be a preservation 

artifact or may be due to the presence o f large vacuoles that accumulate at the bases of the 

cells so that the cjloplasm is no longer in touch with the underlying tissue. The epithelial 

cells bear long cilia (up to about 40 pm long) reaching into the lumen of the duct. The 

lumen contains globular bodies of various sizes, up to 5.5 pm. In Oasisia sp.. the distal 

excretory ducts are o f small diameter (maximum diameter about 30 pm in the smaller. 50 

pm in the larger specimen). The duct has a flat cuboidal. densely ciliated epithelium. No 

dark blue granules could be detected. Further posteriorly, the ducts widen and the apical 

surface of the epithelia exhibits a rough appearance (Fig. 2.2C). The side of the duct 

adjacent to the central excretory organ is columnar and comprises large cells (about 80 

pm) that contain small granules that stain light blue with toluidine blue. On the other 

side, adjacent to the body wall, the epithelial cells appear degenerate. The lumen of the 

excreton," duct/excretory sac contains granules of variable diameter up to 14 pm (Fig. 

2.4A). As in Ridgeia piscesae, the epithelium of the excretorx duct in Lamellibrachia sp. 

and Obturata n. sp. 1 is folded (Fig. 2.4E). The basal portions of the epithelial cells 

appear degenerate, which may be due to the presence of large vacuoles. Their apical 

portions are ciliated and the apical surface appears roughened. Darkly staining granules 

could not be observed. Instead, the cytoplasm contains rather lightly staining globular 

bodies. The lumen o f the excretory duct lacks globular bodies as found in the species 

described above, but it does contain some amorphous and fibrous material. Escarpia 

laminata shows a strongly folded epithelium lining the excretory ducts. Nuclei are 

situated basally and the cytoplasm o f the ciliated epithelial cells contains small darkly 

staining secretory granules. The basal portions of the cells sometimes contain granules.
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The lumen of the excretory duct is filled with globular bodies up to 11 pm in diameter 

and with some fibrous material. In Obturata n. sp. 2, the epithelium of the excretoiy 

ducts is up to 75 pm thick with an uneven ciliated apical surface. The cytoplasm of the 

epithelial cells is clear. The lumen of the duct sometimes contains globular bodies of 

about 7.5 pm diameter. In Riftia pachyptila. the epithelium o f the excretor>^ ducts is 

about 11 pm thick and is not folded. In cross sections of the distal excretory ducts, tw o 

different regions can be differentiated (Fig. 2.4B). The side of the epithelium adjacent to 

the obturacular halves has an irregular apical surface and contains large vacuoles that do 

not stain with toluidine blue, suggesting that this is probably the site for reabsorption of 

fluids. The side o f the epithelium nearer the body wall is densely ciliated and has a 

smooth apical surface. The epithelial cells in both areas contain small, dark blue-staining 

bodies with a maximum diameter of about 1.5 pm. Closer to the excretory organ, the 

vacuolated area becomes less and less prominent until the epithelium is imiformly lined 

with a ciliated epithelium of glandular cells. The lumen of the excretory ducts contains 

light blue-staining globular bodies with a diameter up to about 6.5 pm.

Excretory pores and excretory grooves

In species with paired excretory pores, the pores lie on elevated papillae.

Excretory papillae could not be observed in Obturata n. sp. 1. Escarpia laminata. 

Lamellibrachia sp. and Obturata n. sp. 2. In Ridgeia piscesae and Lamellibrachia sp. the 

cuticle that overlies the body wall o f the vestimentum does not extend into the opening of 

the excretory duct (Figs. 2.2A, 2.6A). In all other species examined, the distal-most 

portion of the excretory duct has a cuticular lining (Fig. 2.6B). In Obturata n. sp. 1, the 

cuticular lining ends where the single duct splits up into right and left ducts. In Tevnia 

jerichonana, a conspicuous groove extends anteriorly to the excretory pores. This groove 

is interpreted as an excretory groove. It is formed by the vestimentum, but is partly- 

covered by an elongated ridge of the obturacular halves (Fig. 2.6D). A less conspicuous 

and shorter groove was observed in Riftia pachyptila (Fig. 2.6C). However, in R. 

pachyptila. it is not covered by a ridge as prominent as in Tevnia Jerichonana. None of 

the other species observed showed an excretory groove.



Figure 2.6; Cross sections through excretory pores and grooves, LM. A. Ridgeia piscesae. 
excretory pore (arrow). B. Oasisia sp. excretory pore (arrow). C. Riftia pachyptila. 
excretory groove (arrow). D. Tevnia jerichonana. excretory groove (arrow) and 
obturaculum with longitudinal muscle bands (asterisks), ob. obturaculum: v. 
vestimentum.
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Discussion

MalakJiov et al. (1996) divide the excretor>' system of Ridgeia phaeophiale (= R. 

piscesae) into three components: the excretory tree (= excretory organ), the excretoiy sacs 

and the excretory channels. However, in none o f the species that I examined is there a 

histological distinction between the latter two components. The anterior parts of the 

excretory ducts are continuous with the posterior parts or excretory sacs. The only 

species that show obvious histological differences between anterior and posterior portions 

are Oasisia sp. and Tevnia jerichonana, where the anterior excretory ducts are of a small 

diameter and probably non-glandular, whereas part of the posterior portion has a more 

columnar epithelium and is glandular. However, there is no clear demarcation between 

these two regions. Furthermore. Malakhov et al. (1996) show that the excretoiy tree lies 

ventrally to the brain and dorsally to the sinus valvatus. I cannot confirm this 

observation. According to my sections, the sinus valvatus lies posterior, not ventral to the 

brain and the excretory organ does not extend below the brain in Ridgeia piscesae.

My observations of Ridgeia piscesae agree better with the description of the 

excretory system of Lamellibrachia liiymesi provided by Van der Land and Norrevang 

( 1977); they distinguish only two components (excretory tree and excretory duct) and 

find the excretory tree to be situated dorsal to the brain. This is also consistent with the 

descriptions o f Lamellibrachia barhami by Webb (1975) once his figures are reoriented. 

Believing that vestimentiferans were deuterostomes. he assumed heart and excretoiy 

pores to be ventral and the brain to be dorsal. Regarding the histology of the excretoiy 

system, my observations agree with those of Malakhov et al. (1996) on the epithelium of 

the excretoiy duct. However, I could not observe terminal cells o f protonephridia in the 

excretory organ and believe that they cannot be identified with light microscopy.

If metanephridia are present, they can only be closely connected to the dorsal 

vessel or the obturacular vessels and their perivascular cavities since the ventral vessel 

lies in the middle of a dense mass of connective tissue. In none of the specimens that I 

examined could coelomoducts or podocytes be observed. This agrees with the findings of 

Webb (1975) in Lamellibrachia barhami. Van der Land and Norrevang (1977) in 

Lamellibrachia luymesi and Malakhov et al. (1996) in Ridgeia phaeophiale. Jones
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(1985) and Gardiner and Jones (1993) mention that they find coelomoducts in the form of 

ciliated funnels in Oasisia alvinae and Tevnia jerichonana and present one light 

micrograph of those. After careful examination of histology and ultrastructure, I cannot 

confirm their observations. A potential explanation for the absence of coelomoducts in 

vestimentiferans is the presence of extracellular hemoglobin in their blood and coelomic 

spaces. Ruppert and Smith (1988) discuss a similar situation in nephtyid polychaetes. 

Unless there is a mechanism for the reabsorption of hemoglobin, the molecule would be 

lost through the coelomoducts.

In vestimentiferans, the efferent plume vessels join below the heart, and the joint 

vessel undergoes a sharp bend backwards to form the ventral vessel (Fig. 2.11). In the 

area of the bend is the sinus valvatus, a complex structure that supposedly prevents the 

backflow of blood in an anterior direction (Van der Land and Norrevang 1977). The 

tubules o f the excretory organ surround the blood vessels here and are very closely 

associated with them (Fig. 2.2B). It is from this area that Malakhov et al. (1996) present 

drawings of multiciliated protonephridial terminal cells.

Even though my study does not reveal terminal cells, it seems likely that the 

tubules associated with the area of the sinus valvatus are the site of filtration and that the 

process is mediated by the action of the cilia in the excretoiy tubules. Malakhov ei al. 

(1996) propose that blood stagnates in the area of the sinus valvatus so that increased 

pressure in the blood vessel facilitates the filtration process. Modification of the filtrate 

by secretion and reabsorption probably takes place mainly in the excretory ducts.

Even though all vestimentiferan species examined show a similar basic design of 

excretory organs, certain differences in the anatomy and cellular structure are detectable 

(Fig. 2.1, Table 1 ). Some o f these may be autapomorphies, but others unite two or more 

species and are thus possibly phylogenetically informative. It is interesting to note that 

all the species occurring at seeps or with a generalistic lifestyle are characterized by a 

single excretory pore and continuous excretory ducts, while the species exclusively found 

at basaltic vents all have paired excretory pores and posteriorly blindly-ending excretory 

ducts. This difference between seep and vent inhabiting species may reflect phylogenetic 

relationships. According to an analysis of nucleotide sequence data of cytochrome
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oxidase subunit 1, the genera inhabiting vent sites in the Eastern Pacific {Oasisia,

Ridgeia, Riftia and Tevnia) represent a derived monophyletic clade (Black, et al. 1997). If 

these relationships can be confirmed (a phylogenetic analysis of a larger morphological 

dataset is in progress), there is good evidence that a single excretory pore and continuous 

excretory ducts represent the ancestral condition in vestimentiferans. Arcovestia ivanovi 

shows a design intermediate between the design in the vent and in the seep species: while 

having two excretory pores, it has continuous excretory ducts (Southward and Galkin 

1997). The different design in Riftia pachyptila (excretory pores posterior to the 

excretory organ) may be due to the fact that the posterior end of the obturaculum is very 

elongated on the dorsal side, pushing the excretory pores backward.

Ivanov (1963) divided perviate pogonophorans into the two orders Thecanephria 

and Athecanephria, which were distinguished on the basis of their excretory organs. 

Southward (1993) points out that the distinction between the two orders is not as clear as 

described by Ivanov. However, the available information suggests a similarity of the 

excretory system of vestimentiferans with the Athecanephria rather than with the 

Thecanephria: both have no, or at least reduced, connections between coelomic space and 

excretory organ and in both cases ciliated cavities are associated with the ventral blood 

vessel (the presumed site o f primary filtration o f urine).

Most recent phylogenetic studies suggest that vestimentiferans are derived 

polychaetes (Bartolomaeus 1995; McHugh 1997; Rouse and Fauchald 1995, 1997). The 

Pogonophora (including Vestimentifera and Perviata) are either regarded as the sister 

group to the Sabellida (Bartolomaeus 1995) or a clade within the Sabellida (Rouse and 

Fauchald 1997). The presence of only one pair of nephridia. continuous excretory ducts 

and a single dorsal excretoiy pore in Sabellidae and Serpulidae (Goodrich 1945; Koechlin 

1981) supports this hypothesis. This design is distinct from the design in other tube- 

dwelling polychaetes. However, in contrast to Pogonophora, the presence of 

metanephridia including coelomoducts and podocytes has clearly been shown in 

Sabellidae and Serpulidae (Goodrich 1945; Koechlin 1981). Smith and Ruppert (1988) 

showed that the terminal cells of larval protonephridia in Sabellaria cementarium 

transform directly into podocytes. If protonephridial terminal cells and podocytes have
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the same embryological origin, transitions between protonephridia and metanephridia 

may not only occur during ontogeny but the transition may also be an easy step in 

phytogeny. Instead o f considering merely the presence/absence of protonephridia or 

metanephridia, the general anatomy of the excretory system should be taken into account 

for phylogenetic studies as well.
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CHAPTER 3

The Opisthosome: Ultrastructure of Opisthosomal Chaetae in 

Vestimentifera and Implications for Phylogeny

The main part of this chapter has been accepted for publication:
Schulze. A. Ultrastructure o f opisthosomal chaetae in Vestimentifera (Pogonophora. 
Obturata) and implications for phylogeny. - Acta Zoologica. in press.
The appendix contains additional observations on the opisthosome that were not included 
in the manuscript.

.\bstract

The posterior segmented body region of Vestimentifera bears rows of uncini that 

function to anchor the animal within its tube. SEM studies of five vestimentiferan 

species reveal intraspecific and interspecific variation in tlie number of chaetigerous 

segments and the arrangement of uncini within a given segment. The portion of an 

uncinus that extends beyond the epidermis comprises two opposing groups o f teeth that 

probably correspond to the capitium and subrostral process of polychaete uncini. and a 

distinct protuberance between them, interpreted as a rostrum. In Riclgeia piscesae, the 

uncini are formed by chaetal follicles, consisting of a chaetoblast. a follicle cell and an 

epidermis cell. The chaetal shaft is elongate and composed of up to 40 hollow cylinders 

that are invaded at their base by microvilli from the apical part of the chaetoblast. 

Opisthosomal chaetae in perviate Pogonophora are usually restricted to four per segment 

and are of a rod-shaped type. It is hypothesized that the rod-shaped chaetae represent 

reduced hooked chaetae probably derived from a condition such as found in Monilifera. 

Uncini of Pogonophora, Sabellida, Terebellida and Oweniida are considered homologous 

but details o f chaetal design may be due to functional adaptations and thus do not 

represent reliable characters for phylogenetic studies on higher taxonomic levels than 

genera or potentially families.
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Introduction

The chitinous bristles or chaetae (= setae) of Annelida (Specht 1988), Echiura 

(Storch and Welsch 1972), Brachiopoda (Storch and Welsch 1972; Nielsen 1991). 

Cephalopoda (Brocco et al. 1974). perviate Pogonophora (George and Southward 1973) 

and Vestimentifera (= obturate Pogonophora) (Jones 1985) are of remarkably similar fine 

structure and are formed in a similar way. They are bundles of largely hollow cylinders 

produced by an epidermal follicle. A chaetoblast at the base of the follicle bears apical 

microvilli around which the cylinders form by accumulation of chaetal material, secreted 

by the chaetoblast and the adjacent follicle cells. The electron-dense chaetal material 

consists mainly of a protein-chitin complex and additional inorganic components such as 

magnesium, calcium and iron (George and Southward 1973).

Within the Annelida, simple chaetae are distinguished from compound chaetae. 

Simple chaetae appear in a variety of shapes, including capillary and more complex 

hooked, featherlike or forked structures (Gardiner 1992). Hooked chaetae or uncini are 

unique to polychaetes and pogonophores (including Perviata and Vestimentifera) and will 

be the focus of this paper. Several recent publications on uncini in polychaetes 

(Bartolomaeus 1995. 1997; Meyer and Bartolomaeus 1996; Bartolomaeus and Meyer 

1997) have adopted the terminology suggested by Holthe (1986). For the sake of 

consistency, I will apply this terminology as well. The typical structure of an uncinus 

consists of the following components (Fig. 3. IB, C):

• a shaft (= manubrium), round or oval in cross section, which represents the basal 

portion of the chaeta and consists o f a bundle of fused cylinders;

• an enlarged tooth (= rostrum), curved to a varying degree, consisting of a number of 

fused cylinders;

• a capitium, comprising a number o f spines which are curved in the same direction as

the rostrum, each consisting of a single cylinder;

• a subrostral process in front of the rostrum, comprising a number of cylinders that 

may or may not form spines;

• an elevated ridge of the epidermis (= torus) that surrounds the chaeta.

A number of modifications o f this basic design is found among polychaetes. The 

terms hooked chaetae and tmcini have been used interchangeably in the literature (e.g.
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Hartmann 1969) but Bartolomaeus (1995) defines uncini as a modified form of hooked 

chaetae. in which the length of the shaft is reduced, the spines point anteriorly and the 

teeth are level with the epidermis (p. 162). For reasons pointed out in the discussion. 1 

will not make this distinction.

Several recent phylogenetic studies provided evidence that Pogonophora are 

derived polychaetes (Kojima et al. 1993; Williams et al. 1993; Bartolomaeus 1995;

Rouse and Fauchald 1995, 1997; McHugh 1997; Kojima 1998). The phylogeny within 

the Pogonophora is not yet resolved but there are three morphologically distinct 

groupings that correlate to the Perviata, Vestimentifera (= Obturata) and Monilifera, 

respectively, as suggested by Ivanov (1994). The different patterns of chaetation are 

important characters to distinguish between the groupings (Table 3.1). In adult 

Vestimentifera, uncini are present in the anterior segments of the opisthosoma. the 

segmented posterior body region. They form transverse rows that are interrupted at the 

ventral and dorsal midlines. In the perviate opisthosome. all segments except the newly 

forming ones at the posterior end bear chaetae, but they are of a rod-shaped type and the 

number is usually restricted to four per segment. Transverse rows of uncini are found in 

the girdles in the trunk of perviates (George and Southward 1973). Monilifera have 

incomplete rows of hooked chaetae in their opisthosomal segments as well as in their 

trunk (Southward 1972).

Chaetae, including uncini, play a major role in taxonomic studies o f polychaete 

genera and families (Fauchald 1977; Knight-Jones and Fordy 1979). They have recently 

also been used to define characters of higher taxonomic levels: Bartolomaeus (1995) and 

Meyer and Bartolomaeus (1996) derive a phylogeny of several predominantly tube- 

dwelling polychaete orders mainly from chaetal arrangement and structure, other 

phylogenetically informative characters being the presence or absence of feeding palps, 

the location and anatomy of the excretory system and the developmental mode. The 

Pogonophora appear as the sister group to the Sabellida, with the Terebellida and 

Oweniida basal to that clade. There is no clear definition or delimitation o f the taxa 

included. According to the most recently published polychaete classification the 

Pogonophora are still considered a distinct class within the Annelida. Furthermore, the 

Oweniida are not regarded as a valid order; the family Oweniidae is integrated into the
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Table 3.1 : Presence of uncini and rod-shaped chaetae in juvenile and adult Pogonophora

Perviata Monilifera Obturata

newlv settled juvenile 
uncini

rod-shaped chaetae

adult
uncini

rod-shaped chaetae

few on trunk, 
ventrolateral and 
dorsolateral

on opisthosome; 
usually eight, arranged 
in four pairs

transverse rows 
in girdles on trunk

on ail opisthosomal 
segments (generally four 
per segment)

irregular transverse 
rows in opisthosome 
and on posterior trunk

absent

absent

few on posterior trunk

transverse rows
in anterior opisthosomal
segments

absent
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order Sabellida (Beesley et al. 2000). According to Bartolomaeus (1997), the presumed 

synapomorphy for Pogonophora, Sabellida and Terebellida is the presence of uncini with 

reduced manubrial length and anteriorly curved spines, arranged in transverse rows. In 

this study 1 will examine the fine structure and formation of chaetae in Vestimentifera in 

order to confirm the character states previously assigned and to create a solid basis for 

comparison with other polychaete taxa.

Material and M ethods

The species examined, their geographic origin, primary fixation and use for this 

study are listed in Table 3.2. For scanning electron microscopy (SEM), specimens were 

dehydrated in an ethanol series up to 100% and critical point dried. They were mounted 

using double sticky tape and silver paste and viewed with a Hitachi S3500N scanning 

electron microscope at 10 kV.

Riclgeia piscesae was sectioned for transmission electron microscopy (TEM). 

Specimens for TEM were rinsed with a 1:1 mixture of Millonig's phosphate buffer 

(Millonig 1964) and 0.6 M NaCl. postfixed in 1% OSO4 and dehydrated in an ethanol 

series up to 100%. 100% propylene oxide was used as a transitional agent. Specimens 

were infiltrated in a 1:1 mixture of Epon and propylene oxide for approximately 8  hrs at 

room temperature in a rotary mixer, followed by a 3:1 mixture of resin and propylene 

oxide for the same amount of time. They were placed in embedding moulds containing 

pure resin and infiltrated for another 8-10 hrs. Polymerization was accomplished at 60°C 

for 24 hrs.

Semithin sections (1 pm) were cut with glass knives on a Reichert OM U2 

microtome and stained with Richardson’s stain (Richardson el al. 1960). Thin sections 

were cut with a diamond knife and mounted on 200 mesh grids. Staining was performed 

with uranyl acetate (2%, pH 4.5, 1.5 hrs) and lead citrate (0.1%. 15 min). The sections 

were viewed with a Hitachi 7000 transmission electron microscope at 75 kV.

TEM prints were scanned, SEM images were saved electronically. Editing of the 

images was done in Adobe Photoshop and involved cropping, resizing, adjustment of 

brightness, contrast and sharpness and removing obvious contamination.
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Species

Ridgeia piscesae  
Jones. 1985

Location

Axial Seamount. 
Juan de Fuca Ridge

Axial Seamount, 
Juan de Fuca Ridge

Axial Seamount, 
Juan de Fuca Ridge

Fixation

Kamovsky’s fixative 
(Kamovsky 1965)

Use

SEM

2.5% glutaraldehyde TEM
in phosphate buffer (Millonig 1964)

7% buffered formalin SEM

Riflia pachyptila  
Jones, 1981

Axial Seamount,
Juan de Fuca Ridge

Escanaba Trough, Gorda Ridge

9° N site. East Pacific Rise

Oasisia  sp. 9° N site. East Pacific Rise
(cf. ah'inae Jones, 1985)

Tevnia jerichonana  
Jones, 1985

9° N site. East Pacific Rise

2.5% glutaraldehyde TEM
in phosphate buffer (Millonig 1964)

7% buffered formalin SEM

3% glutaraldehyde, 1.5% SEM
paraformaldehyde, 1.5% acrolein 
in cacodylate buffer

3% glutaraldehyde, 1.5% SEM
paraformaldehyde, 1.5% acrolein 
in cacodylate buffer

3% glutaraldehyde, 1.5% 
paraformaldehyde, 1.5% acrolein SEM 
in cacodvlate buffer

Obturata n. sp. Edison Seamount, near New  
Ireland. West Pacific

Siboglinum poseidoni Skagerrak, North Sea 
Flügel & Langhof 1983

7% buffered formalin

3% glutaraldehyde in 
phosphate buffer

SEM

SEM
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Results

The segmentation of the opisthosome is obvious from the exterior (Fig. 3.1 A). 

Grooves indicate the position of the interior septa separating the coelomic compartments. 

Starting from the first segments, the anterior segments bear chaetae, arranged either in 

several rows (Riftia pachyptila. Fig. 3. IB), in one straight row as in Tevnia jerichonana 

(Fig. 3.1 A) or in an irregular row as in "Obturata n. sp." (Southward et a i .  in submission, 

see Appendix). The chaetal rows are interrupted at the dorsal and ventral midlines. The 

ventral midline indicates the position of the nerve cord. The number of opisthosomal 

segments varies greatly within and among species and so does the proportion of 

chaetigerous segments to the total number o f segments (Table 3.3).

The direction in which the spines point is always parallel to the longitudinal axis 

of the animal. The teeth of the capitium point anteriorly and are arranged in 3-5 rows 

containing 2-4 teeth each. The three to five teeth in the anterior group are curved 

posteriorly. Between the two groups there is a protuberance, representing a number of 

fused teeth that have not penetrated the epidermis (Figs 3 .IB, 3.2E).

In Ridgeia piscesae. the total length of the shaft is 18.5 pm and thus 15 to 16 

times its width. Its basal end is slightly bulbous (Figs. 3.1 C, D). The shaft, as seen in 

cross section, consists of up to 40 cylinders, formed by electron-dense material. The 

outer cylinders have a smaller diameter and thicker walls than the central ones (Fig. 3.2C. 

F) and their walls usually appear less electron dense, so that a medullarv- and a cortical 

region can be distinguished (Fig. 3.2F). They decrease in volume close to the apical end 

of the manubrium and end before they penetrate the epidermis. The bulbous ends of the 

chaetae are almost directly in touch with the basal membrane of the epithelium 

underneath which longitudinal muscle fibres are located (Figs. 3.1C, D). Contraction of 

these fibres probably moves the chaetae. Between the chaetae, intraepidermal nerve 

bundles are present (Fig. 3.2A).

In one or two of the posterior chaetigerous segments, the chaetal rows are less 

dense than in the other rows (Figs. 3.3A, B). The chaetae on the dorsal and the ventral 

side seem to form independently. There is no clearly defined growth zone. In one or two 

posterior chaetigerous segments, the chaetal rows are incomplete with a lateral gap (Fig. 

3.3 A). During further development new chaetae can form anywhere between fully
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Figure 3.1. Structure and arrangement of chaetae in Tevnia jerichonana (A). Riftia 
pachyptila (B) and Ridgeia piscesae (C. D). A. SEM. view of single chaetal rows in the 
opisthosomal segments o f Tevnia jerichona. Arrowheads indicate the position of internal 
septa separating the segments. B. Two irregular rows of chaetae in Riftia pachyptila, note 
rostrum in front of the capitium. C. TEM of two chaetae. The chaetal follicle consists of 
a chaetoblast. one follicle cell and one epidermis cell, all surrounding the chaetal shaft. 
Note mitochondria and intermediate filaments in follicle cell and epidermis cell. D. 
Diagram of Fig 3.1C. The three cells of the setal follicle are shaded differently; white; 
chaetoblast, light gray: follicle cell, dark gray: epidermis cell, bl, basal lamina; c, cuticle; 
ca. capitium; ch, chaetoblast; cm, chaetal material; ec, epidermal cell; fc, follicle cell; g, 
golgi complex; if, intermediate filaments; ma, manubrium; nch, nucleus of chaetoblast; 
nf. nucleus o f follicle cell; r, rostrum; srp, subrostral process.
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Table 3.3: Proportion of total number of segments to seligerous segments and number of 
chaetal rows per segment in ten species of Vestimentifera

Alaysia spiralis 

Arcovestia ivanovi

Lamellibrachia
columna

Lamellibrachia
satsuma

Obturata n. sp.

Oasisia alvi/iae

Oasisia sp.

Ridgeia p iscesae

Riftia pachyptila  

Tevnia jerichonana

total number of 
segments:number of 
setigerous segments

8:5

37:?

40:23; 27:16

33:27

21:15

36:19:37:13:28:17: 19:8 

33:?; 33:16;

58:43; 57:43; 34:7:62:47; 
29:14:28:16: ?;41:15:9;3; 
11:3-4;

95-100:?; 41:18

17:5; 38:16; 21:8; 27:10; 
33:12; 19:15

rows per 
segment

1-2. irregular

1, straight

1-2. irregular 

1. straight 

1. straight 

1 irregular

several 

1. straight

reference

Southward 1991

Southward and 
Galkin 1997

Southward 1991

M iuraera/. 1997

Southward et al.. in prep. 

Jones 1985 

this study

Jones 1985. this study

Jones 1985. this study 

Jones 1985. this study
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Figure 3.2. Formation and fine structure of chaetae and chaetal follicles in Ridgeia 
piscesae, TEM. A. Early stage of chaetal formation, oblique section. Chaetal material 
produced by the follicle and epidermis cells is added around the microvilli projecting 
from the apical surface of the chaetoblast. Note actin filaments inside the microvilli. A 
nerve bundle is present next to the forming chaeta. B. Slightly later stage of chaetal 
formation, oblique section. Thick microvilli extend only a short distance into the 
cylinders. C. Basal portion o f chaetae with microvilli, transverse section. Note 
mitochondria, intermediate filaments and hemidesmosomes in chaetoblasts. D. Fully 
formed chaeta. oblique section. Intermediate filaments extend from the apical pan of the 
chaeta throughout the cell. Attachment to the chaeta and to the basal lamina is by 
hemidesmosomes. E. Apical area o f fully grown chaeta. The rostrum is formed by a 
number of cylinders that do not penetrate the epidermis. F. Transverse section through 
two chaetae. The follicle cell is wrapped around the manubrium, af. actin filaments; cm. 
chaetal material; hd, hemidesmosomes; if, intermediate filaments; m. mitochondria: ma. 
manubrium; mv, microvilli; n, nucleus; nb, nerve bundle; pc, peripheral cylinders: r. 
rostrum.
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Figure 3.3. Formation of chaetae in small Ridgeia piscesae. SEM. .A.. Lateral view of an 
opisthosome. dorsal is to the left, anterior up. The posterior chaetigerous segment only 
bears three chaetae (arrowheads). In the segment adjacent to it. the chaetal row shows a 
lateral gap. B. Dorsal view of an opisthosome with approximately 10 segments of w hich 
three are chaetegerous. The posteriormost row is less dense the anterior rows. C. New ly 
developing chaeta (arrow) between flilly developed chaetae. Just before breaking through 
the epidermal surface. D. The posterior portion of the chaeta breaking through the 
epidermis first.
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developed chaetae (Figs. 3.2A. 3.3C,D). The posterior teeth o f the capitium penetrate the 

epidermis first.
New chaetae are formed in chaetal follicles, consisting of a chaetoblast, a follicle 

cell and an epidermis cell (Figs 3.1C, D). Sometimes two follicle cells may be present. 

The basal lamina underlying the follicle is continuous with the basal lamina of the 

epithelium. The chaetoblast is characterised by the presence o f mitochondria and actin 

filaments that extend into the apical microvilli. When the chaeta is fully formed, it is 

connected to the basal lamina of the epidermis via intermediate filaments (Fig. 3.2D). 

During chaetogenesis. chaetal material accumulates around the apical microvilli of the 

chaetoblast (Fig. 3.2A). The microvilli only extend a short distance into the manubrium 

(Fig. 3.2B). For most of their length, the canals are empty. Only their distal tips consist 

of solid electron-dense material (Figs 3.1C, 3.2E).

Both the chaetoblast and the follicle cell contain electron-dense granules 

presumably containing chaetal material (Fig. 3.1C). The chaetoblast o f a newly forming 

chaeta is larger than adjacent epidermal cells. Its cytoplasm is grainy and, apart from the 

electron-dense inclusions contains mitochondria and actin filaments. As the chaeta grows 

by elongation of the chaetoblast microvilli and addition of chaetal material, the 

chaetoblast is reduced in size and pushed basally so that the nucleus comes to lie on one 

side of tne chaetal shaft (Fig. 3.1 A). In a fully developed chaeta. the follicle cell is 

wrapped around the shaft (Fig. 3.2F). The two cells of the chaetal follicle and the 

adjacent epidermal cells are interdigitated and connected apically by belt desmosomes 

(Figs. 3.1C.D, 3.2D). Follicle cells may also contain numerous mitochondria, rough 

endoplasmic reticulum and Golgi complexes (Figs. 3.1 A, 3.2A. C, D).

Only four rod-shaped chaetae are present in each segment o f the opisthosome of 

Siboglinum poseidoni (Fig. 3.4A). At high magnification, they appear to be composed of 

a number of cylinders (Fig. 3.4B). There is no trace of curved tips or a distinction 

between an anterior and a posterior group.
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Figure 3.4. Pattern of chaetation in Siboglinum poseidoni. SEM. A. Opisthosome. Each 
segment bears four peg-like chaetae. indicated by arrowheads in the anteriormost 
segment. B. Close-up on one chaeta. The numerous cylinders can be differentiated.
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Discussion
Vestimentiferan opisthosomal chaetae and perviate girdle chaetae are both long- 

shafted and thus do not qualify as uncini if Bartolomaeus' (1995) definition is applied. 

Using shaft-length for the definition o f  uncini is problematic because it can vaiy even on 

the scale of the individual. For example, in Pista elongala Moore, 1909 (Terebellidae) 

there is a continuum from the anterior long-shafted to the much smaller and short-shafted 

neurochaetae o f the posterior segments (Hartmann 1969). In this paper, I apply a broader 

definition o f uncini that includes all kinds o f hooked chaetae unless they are hooded as in 

Spionida. Capitellidae and Eunicida, or bearded as in Arenicolidae. Maldanidae and 

Psammodrilida.

The different components of a vestimentiferan uncinus correspond to structures 

found in polychaete uncini. The posterior group of teeth in vestimentiferans corresponds 

to the capitium in polychaetes. The protuberance in the centre of the tooth can be 

interpreted as a rostrum because it is formed by a number of fused chitinous cylinders 

originating from separate microvilli (Fig. 2E) as in all polychaete uncini with a rostrum 

(see Bartolomaeus 1997 for a review). As in polychaete uncini. it is also more strongly- 

curved than the teeth o f the capitium. The anterior group of teeth may be a modified 

subrostral process.

Observing the sequence of chaetogenesis in Vestimentifera is difficult due to the 

absence of a formative zone. Findings of developmental stages with TEM are thus 

mostly accidental. The only observed difference to the two pectinariid species and the 

serpulid examined by Bartolomaeus (1995) is that only one follicle cell instead of two are 

present in vestimentiferan chaetal follicles (Table 3.4). This is also the case in Owenia 

fusiformis (Meyer and Bartolomaeus 1996). The order of formation of the individual 

components of the uncinus could not be identified by TEM, but the capitium is the first 

structure to become visible externally, suggesting that it is formed before the anterior 

group of teeth. Whether the rostrum is formed before or after the capitum could not be 

determined.

Bartolomaeus (1995) predicted and partly based his phylogeny on the assumption 

that pogonophoran uncini originate from a formative zone on the dorsal edge of the 

neuropodial rim as in Terebellida and Sabellida. This could not be confirmed. Not only



Table 3.4: Com parison o f  uncini in Pogonophora, Oweniida, Terebellida and Sabellida; the O weniida are maintained separate from the 
Sabellida, according to Bartolomaeus 1993, 1997.

Oweniida

U ncin i a c c o rd in g  to  
l l a r to lo m a e u s  (1 9 9 5 )

T y p e  o f  uncin i 
a c c o rd in g  to 
K n ig h t- Jo n es  ( 1 9 8 ! )

N u m b e r  o f  ro w s  
pe r  s e g m en t

I 'o rm a t iv e  zo n e  
de tec tab le

a v ic u la r

m u l t ip le

m id la te ra l

D irec t ion  o f  tee th  in an te r io r -v en tra l  
the ca p i t ium

l .cn g th  o f  shaft  lo n g

S u bro s t ra l  p ro c e s s  f

R os trum

N u m b e r  o f  
follicle ce lls

R efe ren ce

at least o n e

M e y e r  an d

Terebellida Sabellida Perviata

a v icu la r  an d  pla te-  var iab le  
like, o f ten  in the  sam e 
ind iv idual

p la te- l ike

Monilifera

- ('.’ )

pla te- l ike

s in g le  o r  d o u b le  s ingle  to  m u l t ip le  s ing le  to  m u lt ip le  s ingle

m id la te ra l  m id  lateral v en tra l /ven tro la te ra l  ?

an te r io r  o r  an te r io r  an te r io r  
and  p o s te r io r

short  to long short  to  long

an te r io r

long

an te r io r

- / I -

1

( i e o i n e  and
B a r to lo m a e u s  1996 S o u th w a rd  1975 I’o rdy  1979; K n ight-  G u p ta  and  l. i t t le 1970

Jo n e s  1981; W oodin  
an d  M e rz  1987

Obturata

s ing le  to  m ult ip le  

n o  fo rm a tiv e  zone  

an te r io r

long

+

I

K n ig h t- Jo n es  an d  S o u th w a id  1973; S o u th w a rd  1972 th is  s tudy

U i
- J
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is a formative zone absent, it is also questionable if  uncini are restricted to the 

neuropodium. In Vestimentifera, the opisthosomal chaetae in the posterior chaetigerous 

segments can sometimes be separated into dorso- and ventrolateral groups as is the case 

in Monilifera (Southward, pers. comm.). Likewise, perviate girdle chaetae originate as 

dorsolateral and ventrolateral groups (Southward 1969; Callsen-Cencic and Flügel 1995; 

Southward 1999), without an obvious formative zone. If the chaetigerous regions in 

pogonophorans are homologous to polychaete parapodia, then uncini are present in both 

neuropodium and notopodium o f a single segment, a condition unknown in polychaetes.

Within both Sabellida and Terebellida. there is great variation in chaetal design 

(Table 3.4). Knight-Jones and Fordy (1979), Knight-Jones (1981) and Holthe (1986). 

point out that chaetal structure in polychaetes is subject to convergent and parallel 

evolution and can only be imderstood if function and selective value are considered. This 

is supported by data by Woodin and Merz (1987) and Merz and Woodin (2000) who 

provided experimental evidence that uncini function as anchors in the tube and that the 

type of hooks in sedentary polychaetes correlate strongly with the shape of the tube or 

burrow. Despite variation in uncinal design and functional adaptations, it is likely that 

uncini are homologous in polychaetes, vestimentiferans and perv iate pogonophorans. 

They are unique to these taxa whereas other tube-dwelling animals have found different 

solutions for anchoring themselves in their tubes. If details of uncinal structure are to be 

used on higher taxonomic levels, however, they should be mapped on an independently 

derived phylogeny in order to reconstruct the ground pattern of chaetal design within 

each order. The close relationship between Pogonophora and Sabellida, being based on 

the structure of the excretory system, as suggested by Bartolomaeus (1995, 1997) and 

Meyer and Bartolomaeus (1996) is confirmed with a larger morphological dataset by 

Rouse and Fauchald (1997).

The phylogeny of the Pogonophora is still unresolved. All three groupings are tube- 

dwelling without any known exceptions. If Pogonophora are monophyletic (Rouse and 

Fauchald 1997), it is most parsimonious to assume that tube-dwelling arose before the 

group radiated. The presence of transverse rows of uncini also seems to be an ancient 

characteristic: whichever group of tube-dwelling polychaetes is used as the outgroup to 

the Pogonophora, transverse rows o f uncini would appear as plesiomorphies. The design
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in Monilifera with rows of uncini in both opisthosome and trunk may represent the 

ancestral state.

All three groups of Pogonophora are characterised by an elongated trunk region and a 

segmented opisthosome, but the body divisions perform different functions in the 

lifestyle of each o f the groups. Whereas the opisthosome o f Vestimentifera and 

Monilifera is enclosed inside the tube, it extends outside o f the tube in Perviata and is 

used as a burrowing organ (Southward 1993). The uncini in the perviate opisthosome 

could have been reduced in number and modified in shape corresponding to a new 

function. Even though they are straight and rod-like, their tips show rudiments of spines 

(Fig. 3.4B). In perviates, the girdles take over the function o f an anchor and uncini are 

well developed in this area. In vestimentiferans, on the other hand, trunk chaetae are only 

found in the larval/juvenile stage and are later lost.
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Appendix

Additional characters of opisthosome

Ventral nerve cord

Unlike in the vestimental and trunk regions, giant axons are absent in the ventral 

nerv^e cord of the vestimentiferan opisthosome. This agrees with findings in the per\ iate 

opisthosome (Southward 1975). Yet, the organisation of the opisthosomal nervous 

system differs between perviates and vestimentiferans. Southward (1975) describes three 

nerve trunks in the opisthosome of Siboglimim fiordicitm. and "ner\^e bulges" that may be 

ganglia interspersed between them. These "nerve bulges" are absent in the Ricigeia 

piscesae opisthosome. The distinction between nervous and glial cells in Ridgeia is not 

always clear, but glial cells can often be identified by the presence of electron-dense 

membrane-bound inclusions (gliosomes) and long processes containing tonofilaments 

that sometimes reach the basal lamina underlying the epithelium. These processes divide 

the nerve cord into bundles of nerve fibres (Fig. 3.5A), but separated nerve trunks as in 

perviates are absent.

Septa

Contrary to Gardiner and Jones' (1993) statement that the septa in the 

vestimentiferan opisthosome bear musculature on both the anterior and posterior lace, in 

Ridgeia piscesae only the posterior faces of the septa are muscular (Fig. 3.5B). This 

corresponds to the situation in perviates (Southward 1975). No striation could be 

detected in the muscle fibres. A thin layer of extracellular matrix is sandwiched between 

the two epithelial cell layers. At intervals, the cell layers split apart to make room for 

septal vessels that connect dorsal and ventral vessels in the opisthosome. Like all other 

blood vessels in Vestimentifera, the septal vessels lack an internal cellular lining. 

Hemocytes were not observed.
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Figure 3.5: Ridgeia piscesae, opisthosome, TEM. A. Cross section through the nerve 
cord, a glial and a potential nervous cell of the ventral nerv e cord; exterior is to the left. 
Neuropil is penetrated by tonofilaments (t). extending from overlying epidermal cells to 
the ECM. B. Septum in opisthosome with septal vessel, posterior side is up. b. blood: bl. 
basal lamina; coe, coelom; ecm. extracellular matrix; gc. glial cell: gs. gliosomes: hd. 
hemidesmosomes; m. mitochondrion; mf. myofilaments; n, nucleus; np. neuropil.
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Residual gut

A residual gut was first detected light microscopically in opisthosomes of adult 

Ridgeia piscesae and Tevnia jerichonana (sizes o f opisthosomes 9 x 5  mm and 7 x 4  mm. 

respectively). The gut tissue is enclosed in musculature and is closely associated with the 

dorsal vessel. Its wall does not stain with Toluidene Blue but its lumen is filled with dark 

staining material that has the appearance of cilia in the light microscope (Fig. 3.6 A). In 

the Tevnia jerichonana specimen, an anus was observed. (Fig. 3.6 B)

The presence of cilia in the gut lumen was confirmed with TEM (Fig. 3.7). The 

gut wall consists o f approximately seven muiticiliated cells and is completely enclosed in 

a basal lamina (Fig. 3.7A). In two small specimens (< 5 mm length), the cytoplasm of 

the epithelial cells has a grainy appearance and sometimes contains golgi complexes and 

electron-dense membrane-bound bodies (Figs 3.7A. B). In another small specimen, 

bacterial cells with diameters up to 4.3 pm were obser\ed (Fig. 3.7C). Bacterial cells 

seemed to be absent from the lumen o f the ciliated duct. To date, a rudimentar\ gut has 

only been shown in early developmental stages (Jones and Gardiner 1988; Southward 

1988) of a maximum length o f 2.6 mm. Since it is not continuous in adult specimens, it 

is obviously non-functional as a digestive tract. It is unclear if  it is a mere rudiment or if 

there is some other function associated with it.
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Figure 3.6: Rudimentary gut in opisthosome, LM. A. Ridgeia piscesae'. the rudimentary 
gut is located on the ventral side o f the dorsal vessel, enclosed in muscular tissue, ciliated 
gut lumen appears dark. B. Tevnia jerichonana. hindgut and anus, lumen of gut lies in a 
different plane, a. anus; coe. coelom; dv. dorsal vessel; g, gut tissue: m, musculature: pg. 
pyriform glands; s. septa; sv. septal vessel.
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Figure 3.7: Ridgeia piscesae. residual gut in opisthosome. TEM. A. OverView of ciliated 
duct and surrounding tissue. B. Detail of ciliated duct and electron-dense inclusions 
(asterisks). C. Bactériocytes with endosymbionts in close proximity to ciliated duct. ba. 
bacterial endosymbionts; be, bacteriocyte; bl. basal lamina; c, cilia; cr. cilian.' rootlets: g. 
golgi complexes; mf. myofilaments; n. nucleus.
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CHAPTER 4

The Blood Vascular System: Histological and Ultrastructural 
Characterisation with an Emphasis on the Intravasal Body

Introduction
Vestimentifera. especially the species inhabiting hydrothermal vents, are 

confronted with a range of environmental conditions that require complex physiological 

and anatomical adaptations. In the vent environment, temperature and partial oxygen 

pressure (pO:) can fluctuate greatly. Inversely correlated with pOz is the concentration of 

dissolved sulfide from the vent fluids. Sulfide, oxygen and carbon dioxide are essential 

requirements for the metabolism o f chemoautotrophic endosymbionts, hosted in the 

vestimentiferan trunk region. Supply of these substances to the symbionts needs to be 

regulated as oxygen and sulfide can have toxic effects in excess quantities (Fisher ei al. 

1988.1989). In vestimentiferans and other symbiont-hosting taxa, carbon dioxide is not 

only a metabolic end product; the direction of its transport is partly reversed to fuel the 

symbiont metabolism. The blood vascular system (BVS) plays the major role in the 

transport of dissolved gases and the regulation of their concentrations in the 

vestimentiferan body.

An essential characteristic o f vestimentiferan blood is the presence of two 

different types o f extracellular hemoglobin (Hb), known as FI and FII (Terwilliger ei al. 

1980). Both types are able to bind oxygen and sulfide simultaneously and reversibly. a 

property unknown from Hbs of any other animal taxa (Powell and Somero 1983; Arp et 

al. 1987). Hb is not only present in the vestimentiferan blood, but also in the coelomic 

fluid. Whereas the blood contains both types, only FII is present in the coelom. Oxygen 

affinity is high in both types, and highest in FII, whereas FI binds more sulfide than Fll 

(Arp el al. 1987. 1990). The high oxygen and sulfide binding capacities enable the 

animals to transport and store both substances in their blood in large quantities while 

keeping autoxidation o f sulfide and toxic effects at a minimum. The Bohr Effect 

(decreased oxygen affinities at low pH) is moderate in FI and negligible in Fll and both 

show a moderate effect o f temperature on O2 binding (Arp el al. 1990; Childress and
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Fisher 1992). Because the trunk of vent-inhabiting vestimentiferans is usually exposed to 

higher temperatures than the branchial filaments where uptake of the dissolved gases 

takes place, the temperature effect probably contributes to the release o f oxygen and 

sulfide in the trophosome (Arp and Childress 1981). While the blood has a pH of about 

7.5. it is probably lower in the area of the trophosome due to the release of H after 

dissociation o f HS' from Hb and as endproducts o f sulfide oxidation. The decreased pH 

in turn favours release of oxygen (Childress and Fisher 1992).

The major morphological components of the vestimentiferan BVS have been 

described by Webb (1969), Van der Land and Norrevang (1977). Gardiner and Jones 

(1993) and Malakhov et al. (1996). The most voluminous vessels are the dorsal and the 

ventral vessel. Throughout most o f its length, the dorsal vessel is suspended in paired 

coelomic cavities by a dorsal and a ventral mesentery. The extracellular matrix between 

the two cell layers of the mesenteries is continuous with the vascular lamina. There is no 

cellular endothelium. The blood vessel wall consists of myoepithelial cells, which are 

most prominently developed in the anterior vestimentum in the heart region. In the heart 

region, the perivascular cavities disappear and the lumen of the blood vessel is 

constricted by thick musculature.

Behind the heart, the intravasal body occupies the lumen of the blood vessel. The 

intravasal body, also known as heart body (Kennedy and Dales 1958; Dales 1965; 

Braunbeck and Dales 1984, 1985), intravasal tissue (Hanson 1951) or corpus cardiacum 

(Ivanov 1963; Southward 1993), is a common feature o f many polychaete families 

(Kennedy and Dales 1958; Rouse and Fauchald 1997) and perviate pogonophorans 

(Ivanov 1963; Southward 1993). Among polychaetes, it has been studied in detail in the 

terebellids Lanice conchilega and Neoamphilrite figulus, the arenicolid Arenicola marina 

(Dales and Pell 1970), the flabelligerid Flabelliclerma commensalis (Spies 1973) and in 

four serpulid species (Hanson 1951). Except in the serpulids. it occurs attached to the 

ventral wall o f the dorsal blood vessel, especially in the heart region. In the serpulids. it 

is located in the gut sinus {Pomatoceros) or in the abdominal ring vessels close to the gut 

sinus {Protula and Apomatus). In perviate pogonophores, except Siboglinum, the 

intravasal body is located in the dorsal vessel (Ivanov 1963; Southward 1993). In



addition to this. Southward (1993) describes a tissue similar to the intravasal tissue in the 

ventral vessel of the perviates Siphonobrachia and Lamellisabella.

In annelids, there is usually either intravasal or extravasal (= chloragogue or 

perivasal) tissue. Both have similar ultrastructure and are considered homologous (Dales 

and Pell 1970; Braunbeck and Dales 1985; Fischer 1993). The presence of iron and of 

several intermediate products o f heme synthesis, identified by chromatographic and 

spectroscopic methods, in the heart bodies of seven polychaete species, led Kennedy and 

Dales (1958) to conclude that the organ is involved in hemoglobin synthesis. 

Homogenates of chloragogue tissue o f the oligochaete Lumbricus terrestris (Delkeskamp 

1964: Prento 1987) and of heart body tissue of the terebellid polychaete Neoamphitriie 

figidus (Kennedy and Dales 1968) showed activities of several enzymes involved in heme 

synthesis. Jhiang et al. (1986) identified mRNA coding for globin in the choragogue 

tissue o f L. terrestris. Breton-Gori us (1963) and Lindner (1965) identified hemoglobin 

ultrastructurally. It is assumed that during heme synthesis, excess porphyrins, converted 

to hematin, are stored in electron-dense vesicles. These hematin accumulations are also 

responsible for the dark stain o f polychaete extravasal and intravasal tissue in live 

specimens (Dales 1963; Dales and Pell 1970).

Ultrastructural observations on perviate and vestimentiferan intravasal bodies are 

limited (Ivanov 1963; Gardiner and Jones 1993; Southward 1993). This chapter provides 

more information on the histology and ultrastructure of the vestimentiferan intravasal 

body. To date, the origin of hemoglobin in the vestimentiferan blood and coelom is 

unknown. The demonstration that the vestimentiferan intravasal body is ultrastructurally 

similar to the polychaete heart body suggests that it is also involved in hemoglobin 

metabolism.

Several additional aspects o f the BVS were also examined in this study. The 

sinus valvatus is a specialised region o f the anterior ventral vessel that apparently 

prevents backflow of blood once it has reached the ventral vessel (Van der Land and 

Norrevang 1977). Hemocytes are commonly found in a number of vestimentiferan blood 

vessels, but their function and origin are unknown. The wall o f the dorsal vessel was 

examined by TEM to determine the type of musculature (Lanzavecchia et al. 1988).
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Material and Methods

Methods for preparation o f histological sections and ultrastructure have been 

described in Chapter 2. Two modifications apply: 1. For light microscopy of Riftia 

pachyptila. two stains were used in addition to toluidene blue. Staining with Wright's 

stain (after Wright 1902) and hematoxylin/eosin (see Clark 1981) was performed with 

automated staining machines in the hematology department at the Royal Jubilee Hospital. 

Victoria. B.C. 2. The Ridgeia piscesae specimens for ultrastructure were embedded in 

Epon rather than in Spurn resin. Nine vestimentiferan species were compared (Table 4.1 )

Results

Intravasal body

An intravasal body was observed in all species examined, except in Tevnia 

jerichonana. Only the anterior vestimentum of this species was studied, and it is possible 

that there is an intravasal body elsewhere in the body. In all other species, the intravasal 

body is a strand o f tissue in the dorsal vessel that starts behind the heart. As observ ed in 

Ridgeia piscesae and Riftia pachyptila. it continues through the trunk and into the 

opisthosoma. In the opisthosome, it could not be observed with LM. but with TEM. a 

small strand of intravasal tissue was detected. Whereas the vestimental intravasal body is 

small in Escarpia laminata, Obturata n. sp.‘ and Arcoveslia ivanovi (Fig. 4.1 A), it can 

almost obstruct the lumen of the dorsal vessel in Riftia pachyptila, Ridgeia piscesae and 

Oasisia alvinae (Figs 4 .IB, C) (Table 4.1). The intravasal body is attached to the ventral 

side of the dorsal vessel, overlying the line where the mesentery splits to form the walls 

of the blood vessel. It is not uniform in diameter but forms a series of swellings 

throughout the length of the animal. In Riftia pachyptila. the size of the intravasal body 

alternates between 375 pm and approximately 10 pm in cross section (Fig. 4.1C, D). 

Along the 4 mm length of one vestimentum, six swellings were present. Distances 

between the swellings are variable and are larger in the trunk than in the vestimentum.

' Same species as Obturata n. sp. I in Chapter 2
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Table 4.1: Geographic origin, body regions examined, diameter of specimen in 
vestimental region and maximum diameter of intravasal body.

Geographical
origin

Body regions 
examined

Diameter o f  specimen 
in vestimental region

Maximum diameter 
o f  intravasal body

Arcovestia ivanovi Manus Basin. 
West Pacific

Vestimentum 4.5 mm 50.4 pm

Escarpia laminata G ulf o f  M exico.
Florida
Escarpment

Vestimentum 9 mm 40 um

Lanteilibrachia sp. G ulf o f  M exico, 
Louisiana Slope

Vestimentum 2.8 mm 25 um

Oasisia alvinae East Pacific 
Rise. I3°N

Vestimentum 3.2 mm 188 pm

Paraescarpia
echinospica

Edison 
Seamount. 
Papua New  
Guinea

Vestimentum, 
anterior trunk

10 mm 390 pm

Ridgeia piscesae Axial
Seamount, Juan

Vestimentum,
trunk.

2.2 mm 125 pm

de Fuca Ridge opisthosome 6 mm 471 um

Riftia pachyptila East Pacific 
Rise. 9°N

Vestimentum.
trunk,
opisthosome

4.1 mm 375 pm

Tevnia jerichonana East Pacific 
Rise, I3°N

Anterior
vestimentum

4.5 mm -

Obturata n. sp. G ulf o f  M exico, 
Louisiana Slope

Vestimentum 3.3 mm 25 pm
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Figure 4.1 : Cross sections of dorsal blood vessel, intravasal body, perivascular cavities, 
LM. A. Arcoveslia ivanovi with small intravasal body (approximately 10 pm in 
diameter). B. Oasisia alvinae with intravasal body almost filling the lumen o f the dorsal 
blood vessel. C. Riftia pachyptila^ enlarged intravasal body. D. Riftia pachyptila. 
intravasal body as a small strand o f cells, b, blood; bl, basal lamina; cc. coelomocyies; 
ivb. intravasal body; lib, lumen o f intravasal body; me. mesentery; pvc. perivascular 
coelom; tr. trophosome; vl, vascular lamina; wdv. wall of dorsal vessel.
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Histologically, the intravasal body of Riftia pachyptila is slightly different from 

the structure in the other vestimentiferan species. Its wall is a squamous epithelium for 

the most part but it is thickened at the side opposite to its attachment to the dorsal vessel 

(Fig. 4.1C). In this area, it is up to 100 pm thick and pseudostratified. The basal lamina 

in this region is approximately the same thickness as the vascular lamina of the blood 

vessel and it invaginates deeply betweeen the epithelial cells. The basal lamina is thinner 

in the thinner regions of epithelium.

The apical surface of the epithelium in the thickened region is smooth. The 

lumen of the body, in particular directly adjacent to the thickened epithelium, contains 

globular bodies. With all o f the stains applied, the lumen o f the intravasal body stains a 

different colour than blood or coelomic fluid, indicating the absence or low concentration 

of hemoglobin (Table 4.2). With hematoxylin, some of the secreted bodies in the lumen 

of the intravasal body stain bright pink, but this does not necessarily indicate the presence 

of hemoglobin, since they stain differently from the blood with Wright's stain.

In Ridgeia piscesae. Oasisia sp. and Paraescarpia echinospica. the basal lamina 

of the intravasal body is thinner but invaginates also between the epithelial cells. The 

epithelium that lines the lumen is spongy in appearance with an irregular apical surface.

In the larger Ridgeia piscesae specimen, there is a distinction between thin and thickened 

epithelial regions as in Riftia pachyptila. The large epithelial cells of all species 

examined are histologically similar. They have a clear cytoplasm and a large nucleus 

(diameter up to 5 pm) with a distinct nucleolus.

Ultrastructural ly, the basal lamina that separates the intravasal body of Ridgeia 

piscesae from the blood differs from the vascular lamina of the dorsal vessel. In areas 

where it is not invaginated. it is less than 1 pm thick, as compared to the vascular lamina 

which is 4.5 pm thick (Fig. 4.2A, B). The arrangement of fibres is much looser than in 

the vascular lamina and there are few of the striated collagen fibrils found in the vascular 

lamina. However, the invaginations sometimes contain striated collagen and crystalline 

structures of unidentified nature (Fig. 4.3 A). The crystals show a pattern of electron- 

dense and electron-translucent stripes, repeating approximately every 71 nm. The basal 

parts of the epithelial cells connect to the basal lamina with numerous attachment 

plaques. From the attachment plaques, a dense network o f filaments extends into the
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Table 4.2: Results o f different staining procedures in Riftia pachyptila

Stain Tissue/component Colour indicating
Toluidene Blue Blood blue

vascular laminai o f  dorsal vessel pink to purple acid mucopolysaccharides

lumen o f  intravasal body pale pink som e acid
mucopolysaccharides

epithelial cells o f  intravasal body unstained

basal lamina o f  intravasal body pink to purple acid mucopolysaccharides

secreted bodies in intravasal body pale pink to blue variable compositions

coelom ic fluid pale blue

Hematoxylin Blood

vascular laminal o f  dorsal vessel 

lumen o f  intravasal body

epithelial cells o f  intravasal body 

basal lamina o f  intravasal body

bright pink

pale pink

almost unstained 
(very pale pink)

pale pink

n

hemoglobin

secreted bodies in intravasal body pale to bright pink possibly some hemoglobin

coelom ic fluid very pale pink

Wright's stain Blood purple neutrophilic granules

vascular laminal o f  dorsal vessel light pink eosinophilic granules

lumen o f  intravasal body pale pink (colour o f
background
staining)

epithelial cells o f  intravasal body unstained

basal lamina o f  intravasal body 

secreted bodies in intravasal body

Purple to bright 
pink
unstained

neutrophilic granules

coelom ic fluid pale purple some neutrophilic granules
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Figure 4.2: Ridgeia piscesae. intravasal body, TEM. A. Intravasal body, blood, hemocyte 
and wall o f dorsal blood vessel in vestimentum. Thickness, density and abundance of 
striated collagen fibres is greater in vascular lamina o f blood vessel than in basal lamina 
of intravasal body. Cells are attached to basal lamina via hemidesmosomes (arrowheads). 
Note potential hematin granule (asterisk). B. Basal lamina invaginated into epithelium of 
intravasal body (asterisks: potential hematin granules); compare cells 1 and 2. 1. cell 
with several presumed hematin granules; 2. cell with presumed hemoglobin granules 
(hg): b. blood, bd, belt desmosomes; bl, basal lamina; he, hemocyte: hd, 
hemidesmosomes; hg, potential hemoglobin vesicles: m. mitochondria: my. 
myoepithelial cells; n. nucleus; rer, rough endoplasmic reticulum: t. tonofilaments: vl. 
vascular lamina.
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Figure 4.3: Details of intravasal body. TEM. A. Invaginated basal lamina in epithelium of 
intravasal body with striated collagen fibrils (cf) and cry stals (cr) (asterisk: potential 
hematin granule). B. Close-up of cell with lamellar body (lb). C. Contents of lumen of 
intravasal body, bl, basal lamina; cf, collagen fibrils; cr. crystals; g. Golgi vesicles; hd. 
hemidesmosomes; hg, potential hemoglobin granules; hm, potential hematin granules; lb. 
lamellar body, 
plaques.
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basal parts of the cells (Figs 4.2A, B). The apices of the cells connect via desmosomes 

(Fig. 4.2B). The cytoplasm of the epithelial cells contains numerous mitochondria, rough 

endoplasmic reticulum, some Golgi vesicles and electron-dense inclusions (Fig 4.2B, 

4.3B). At high magnification the electron-dense inclusions are o f heterogeneous 

substructure, partly granular and partly with lamellar structures. In addition, small, 

electron-dense granules of approximately 24 nm diameter are present in the cytoplasm. 

The cells are often ruptured and open into the lumen of the intravasal body. The lumen 

contains a variety of vesicles, including electron-lucent globular bodies and usually larger 

globules containing a grainy substance (Fig. 4.3C). Whereas some cells contain large 

numbers of the electron-dense lamellar bodies, others contain more electron-lucent 

vesicles that are apparently derived from the endoplasmic reticulum (compare cells 1 and 

2 in Fig. 4.2B).

Sinus valvatus

The paired efferent plume vessels which carry blood from the branchial filaments 

join shortly before they enter the ventral vessel (Fig. 4.4A, B). The transition between 

the joint efferent plume vessels and the ventral vessel is marked by a funnel-shaped 

membrane that is bordered by a basal lamina facing the efferent plume vessels. Lateral to 

the ventral vessel, there are paired lateral pockets that are connected to the ventral vessel 

via a small opening. Whereas the efferent plume vessels and the ventral vessel are 

usually filled with blood, the lateral pockets are usually empty. Due to the restriction of 

the blood flow, the blood may stagnate in this area.

Wall o f  dorsal blood vessel

The musculature of the wall of the dorsal blood vessel is well developed, 

especially in the vestimental region. The thickness of the muscles decreases caudally in 

the trunk. Within the muscle cells, the myofilaments are restricted to the basal area, 

whereas the apical part of the cell contains the nucleus and a large number of 

mitochondria (Fig. 4.5A). The muscles have a double-oblique striation pattern. The
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Figure 4.4. Arcoveslia ivanovi. sinus valvatus. A. Schematic representation, arrows 
indicate direction of blood-flovv. B. Cross section in region of sinus valvatus. anterior 
vestimentum: arrow: narrow passage from joint efferent plume vessels into ventral vessel, 
bl. basal lamina: epv. efferent plume vessel; Ip. lateral pocket of sinus valvatus: vv. 
ventral vessel.
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Figure 4.5. Ridgeia piscesae. TEM. A. wail of dorsal blood vessel in veslimenlum. Thick 
filaments are present in the A-band, but absent in the I-band; arrowhead: the two adjacent 
halves of myofilaments are slightly offset. B. Hemocyte attached to vascular lamina of 
dorsal vessel; arrow: electron-lucent vesicle fusing with membrane. A, A-band; b, blood; 
c, coelom; g, Golgi complex; he, hemocyte; I, I-band; m, mitochondria; n, nucleus; nc, 
nucleolus; rer, rough endoplasmic reticulum; st, sarcotubule; vl, vascular lamina; Z, Z- 
element.
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fibres are of a coelomyarian type, i. e. with a peripheral nucleus and no cytoplasmic 

elements between the two adjacent halves of the fibre (Lanzavecchia et al. 1988).

Hemocyles

Whereas hemocytes were occasionally observed free floating in the blood vessels, 

they are more commonly attached to the vascular lamina. They vary in size and often 

fomi pseudopodial extensions (Figs 4.2A. B, 4.58). They are characterised by a large 

nucleus with a distinct nucleolus. Golgi vesicles, and electron-dense and lucent 

cytoplasmic inclusions of up to 600 nm in diameter. The electron-dense inclusions 

resemble the hematin granules o f the intravasal body in appearance. The larger electron- 

lucent bodies can sometimes be observed releasing their contents into the lumen of the 

blood vessel (Fig. 4.58, arrow).

Discussion

Intravasal tissue in most polychaete species examined to date, as well as in 

vestimentiferans, is located on the ventral side of the dorsal blood vessel. Whereas it is 

usually restricted to the heart region in polychaetes. it occupies most of the dorsal vessel 

in vestimentiferans.

The cells in the vestimentiferan intravasal body and annelid intravasal and 

extra vasal tissue contain electron-dense and electron-lucent vesicles. As in polychaetes. 

some cells of the vestimentiferan intravasal body contain more electron-dense, others 

more electron-lucent vesicles. The electron-dense inclusions in polychaetes have been 

identified as hematins, mainly Coprohematin III (Breton-Gorius 1963; Mangum and 

Dales 1965; Dales and Pell 1970). With their partly lamellar and partly granular 

substructure, the electron-dense vesicles in the vestimentiferan intravasal body resemble 

the hematin bodies in polychaetes.

Ultrastructural studies o f the extravasal tissue of Arenicola marina demonstrated 

hemoglobin in the electron-lucent vesicles (Breton-Gorius 1963). The hemoglobin 

complexes were approximately 23 nm in diameter (Breton-Gorius 1963). have a 

molecular weight o f 2.7 x 10* and are multimers, arranged as two hexagonal rings 

(Terwilliger et al. 1976). Electron-lucent vesicles are also present in the cells of the
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intravasal body of Ridgeia piscesae, but no hemoglobin molecules were detected in these. 

Gardiner and Jones (1993) report vacuoles with blood-like contents in the intravasal body 

of the vestimentiferan Oasisia piscesae but did not identify hemoglobin. The absence of 

ulrastructurally recognizable hemoglobin complexes in these vesicles might be an 

artifact: Terwilliger et al. (1980) report that the large hemoglobin complex is similar in 

its subunit structure to annelid hemoglobin, but is very unstable. It should be noted that 

hemoglobin was not detected in the blood or coelom either. The larger of the 

vestimentiferan hemoglobin types has a molecular weight of 1.7 x 10  ̂and is 

approximately 24.5 nm x 16 nm in size (Terwilliger et al. 1980). This is within the size 

range of the granular bodies found in the cytoplasm, but it is more likely that these are 

glycogen granules because hemoglobin is usually not found freely in the cytoplasm.

The basal lamina of the vestimentiferan intravasal body is similar in structure to 

the basal lamina of the polychaete heart body. It invaginates between the epithelial cells 

and is more loosely constructed than the vascular lamina. The epithelium of the 

vestimentiferan intravasal body seems well preserv ed and the invaginations do not appear 

to be an artifact, neither do the cells seem contracted. The basal invagination of the 

epithelium may serve to increase surface area for the release of hemoglobin by 

exocytosis. The loose construction of the basal lamina may facilitate exchange of 

substances between blood and intravasal tissue (Potswald 1969; Dales and Pell 1970).

The ultrastructural similarities of the vestimentiferan intravasal body and the 

polchaete heart body, especially the presence of hematin bodies in both, suggest that the 

two organs perform similar functions. The data presented here do not conflict with the 

hypothesis that the vestimentiferan intravasal body is involved in hemoglobin synthesis 

as the heart body in polychaetes. More direct evidence, such as the presence o f  globin 

mRNA. hemoglobin complexes or activity of enzymes involved in heme synthesis are 

required to confirm that the intravasal body is the site of hemoglobin synthesis in 

Vestimentifera.

However, it is not necessarily restricted to this function. In Neoainphitrite Jiguliis. 

Braunbeck and Dales (1984) detected some sheep red blood cells, previously injected 

into the coelom, in the heart body cells. They concluded that another role of the heart 

body is probably the removal o f foreign substances from the body. Contrary to
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Malakhov et al.'s (1996) statement that the lumen o f the vestimentiferan intravasal body 

is similar to blood in appearance, the present study shows that it is almost or completely 

bloodless, but contains vesicles of various sizes and contents. These are possibly 

substances actively absorbed from the blood and stored in the lumen of the body. Yet the 

nature of these substances remains to be elucidated. The secretion o f substances into the 

lumen of the body may simply be necessary to maintain its osmolarity or it may be an 

artifact, caused by rupturing of cells in the fixation process.

Gardiner and Jones (1993) suggest that the vestimentiferan intravasal body serves 

as a mechanical valve to prevent backflow of blood from the dorsal vessel into the 

mesenterial vessel. While this may be true for the trunk region, it is certainly not the case 

in the vestimentum and the opisthosome, because no mesenterial vessels are present in 

these body regions.

In perviates, as in vestimentiferans and polychaetes, the intravasal body is usually 

attached to the inner ventral surface of the dorsal vessel. It seems to consist of 

mesodermal tissue from the mesentery that is pushing into the blood vessel and is 

covered by the same material as the intima of the vessel (Southward 1993). Ivanov 

(1963) proposes that the perviate intravasal body has a storage function because o f the 

presence of glycogen accumulations. He excludes a hematopoietic function because he 

never observ-ed division of the cells to form the cellular elements of the blood. He only 

used light microscopy and thus it is likely that he was unable to identify the cellular fine 

structure properly. One indication that the perviate intravasal body is similar to the 

structure in vestimentiferans and polychaetes is that he found "chink-like spaces filled 

with blood" (p. 77) between the cells. These may be areas of invaginated basal lamina. 

More ultrastructural observations on perviate intravasal bodies are desirable. Unlike 

vestimentiferan hemoglobin, perviate hemoglobin has no sulfide binding capacities. It 

does not show the two tiered structure of the annelid and the larger vestimentiferan 

hemoglobin and its amino acid sequence does not reveal close affinities to the other two 

taxa (Terwilliger e/ al. 1987).

Hemocytes have been observed in a number of polychaete families: Sabellidae. 

Arenicolidae, Nereidae and Oweniidae (Gardiner 1992). Their function is not clear.

They may be involved in hemoglobin catabolism (Friedman and Weis 1979; Gardiner
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1992), in wound healing (Dhainaut and Porchet-Henneré 1988) and possibly in the 

secretion o f parts of the vascular lamina (Friedman and Weiss 1980). Given the presence 

of hematin-like granules in the vestimentiferan hemocytes and their general 

ultrastructural similarity to the intravasal body, they may also be additional sites of 

hemoglobin production. It needs to be examined if both types of hemoglobin are 

produced by the same cells or in different cells and locations. Southward (1993) reports 

the presence of hemocytes in perviates: they are attached to the vascular lamina but ha\ e 

no coating of laminar material themselves. They are nucleated and contain electron- 

dense granules in the cytoplasm. In neither Polychaeta nor pogonophorans is the origin of 

hemocytes known.

The sinus valvatus seems to be a structure unique to vestimentiferans; it has not 

been reported in perviate pogonophorans or polychaetes. Malakhov et al. ( 1996) suggest 

that ultrafiltration of the blood takes place in this area (see also Chapter 2), since the 

blood seems to stagnate before passing the funnel into the ventral vessel, resulting in 

increased pressure.

The striation pattern found in the musculature of the dorsal vessel is the one most 

commonly found in polychaetes (Lanzavecchia et al. 1988). Phylogenetic interpretation 

is difficult because most ultrastructural studies on polychaete musculature are restricted 

to certain organs and are generally relatively sparse. Muscles similar to the 

vestimentiferan blood vessel muscles are found in serpulids (Gardiner 1992). The blood

vessel musculature of the perviate SibogUnum fiordicum is non-striated (Jensen and 

Myklebust 1975).

Observations presented in this chapter, together with data from the published 

literature (Webb 1969, Van der Land and Norrevang 1977, Gardiner and Jones 1993, 

Malakhov et al. 1996) indicate that the BVS, in addition to physiological adaptations to 

environmental conditions and symbiosis with chemoautotrophic bacteria, also shows 

structural adaptations. The high vascularisation of the trophosome optimises access of 

the symbionts to the host's blood (Gardiner and Jones 1993). A relatively large distance 

between the environment and the blood vessels in the branchial filaments (approximately 

6 pm) restricts the diffusion o f oxygen into the blood and thus limits the concentration of 

unbound oxygen (Childress and Fisher 1992). The highly muscularised dorsal vessel
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with a prominent heart probably greatly increases the efficiency of blood transport.

Finally, the sinus valvatus allows oxygenenated and sulfide-laden blood to flow in only

one direction.
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CHAPTER 5
Phylogenetic Relationships among Vestimentiferans from 

Hydrothermal Vents and Cold-Water Seeps

Introduction

Scientific descriptions of thirteen vestimentiferan species, representing eight 

genera, presently exist. In addition, Paraescarpia echinospica is currently being 

described (see Appendix). Another species with a description in progress is referred to as 

Obturata n. sp. and its genus as Obturata gen. This species is identical to Obturata n. sp.

1 in Chapter 2. It will probably be placed into the genus Paraescarpia (E. Southward, S. 

Gardiner, pers. comm.). The literature mentions eleven more species, adding to a total of 

26 known species (Table 5.1).

This chapter examines vestimentiferan phylogeny based on morphological 

characters using cladistic methodology. The results will be compared to the classification 

suggested by Jones (1985) and to phylogenetic studies based on molecular data. The 

phylogeny will serve as a basis for inferences on biogeographical distribution patterns 

and ancestral habitats. Potential implications of endosymbiont phylogeny for host 

phylogeny will be discussed.

Jones (1985), regarding Vestimentifera as a phylum separate from the 

Pogonophora, erected two classes within the group: the Anoxobranchia with Riftia 

pachyptila as its only representative and the Basibranchia which included all other 

species. Molecular studies on vestimentiferan phylogeny have used the nuclear 28S 

rRNA gene (Fig. 5.1 A) (Williams et al. 1993), the mitochondrial cytochrome oxidase 1 

gene (Fig. 5 .IB) (Black et al. 1997; Kojima et al. 1997) and the mitochondrial 18S rRNA 

gene (Halanych et al. 1998). Later studies (Halanych, unpubl., Kojima et al. 2000) 

expanded the Black et al. dataset with additional vestimentiferan sequences. The results 

of the molecular studies do not agree with Jones' (1985) classification and only in certain 

respects with each other. Black et al. (1997), Williams et al. (1993) and Halanych et al. 

(1998) found that Lamellibrachia is the sister group to a clade comprising all other 

vestimentiferans. However, the topology within the second clade differs among the



Table 5.1 : Vestimentiferan species described or mentioned in the literature to date, their inclusion in the present study, general 
geographic area, specific sites, depth ranges and type of habitat. Abbreviations, general area; WP, West Pacific; HP, East Pacific; WA, 
West Atlantic; EA, East Atlantic; specific sites: Cle, San Clemente Fault; Edi, Edison Seamount, Papua New Guinea; Fij, North Fiji 
Basin; Flo, Florida Escarpment, Gulf of Mexico; Gal, Galapagos Ridge; Gua, Guaytnas Basin; Guy, Guyana continental margin; Jav, 
Java Trench; Kag, Kagoshima Bay, Japan; Kan, Kanasu-no-se, Japan; Lau, Lau Basin; Lou-1, Louisiana, lower continental slope; Lou- 
u, Lousiana, upper continental slope; Man, Manus basin; Med, Mediterranean off Turkey; Mex, Mid-American Trench off Mexico; 
Mid, Middle Valley, Juan de Fuca Ridge; Mon, Monterey Bay; Nan-TI-3, Nankai Trough, sites of increasing depth; Oki, Okinawa 
Trough; Ore, Oregon Prism; Sag, Sagami Bay; Uru, Uruguay continental margin; Vig, shipwreck off Vigo, Spain; 9-13N, 21N, 
geographic latitude on EPR; habitat type: bv, basaltic vent; se, seep; sv, sedimented vent; wh, whale bones; wr, shipwreck.

Species In c lu d e d  in 
p re se n t an a ly s is

G en e ra l A rea S itc (s) D ep th  ran g e H ab ita t type R c fe ren cc (s )

Alaysia spiralis yes W P l a u 1 7 5 0 -  1890 m sv S o u th w a rd  1991

Alaysial sp . 1 n o W P S ag 8 0 0 -  1450 m sc K o jim a  et al. 2000

Alaysia? sp . 2 no W P O ki 1400 m se K o jim a  el al. 2000

Alaysia? sp . 3 no W P M an 1 7 0 0 -  1900 m sv K o jim a  el al. 200 0

Arcoveslia ivanovi yes W P M an, I'ij 2 1 9 0  m sv S o u th w a rd  and  G a lk in , 1997; 
S o u th w a rd  et a i ,  in su b m iss io n

Escarpia laminata y es W A 1 lo, l.ou-1 1 0 0 0 ( ? ) - 3 5 0 0 in sc Jo n e s  1985; S ib u et an d  O lu  1998; 
S ch u lz e  in p ress

Escarpia spicata y es EP M ex, G u a 2 0 0 0  - 4 0 0 0  m sc/sv /w h Jo n e s  1985; S ib u et an d  O lu  1998

Escarpia sp . 1 no W P N a n - T l 30 0  m sc K o jim a  c '/« / . 1997

Escarpia sp . 2 no W P N an - T 2 , O k i, M an 1 2 0 0 -  1400 m sc/sv K o jim a  1 9 9 7 ,2 0 0 0

sO
00



Table  5.1 (continued)

S p ec ies In c lu d e d  in
present
a n a ly s is

G en e ra l A re a S ile (s) D ep th  range H ab ita t ty p e R efe ren ce (s)

Lamellibrachia harhami y es EP M id, O re , M on, C le 6 0 0  - 2 4 0 0  ni se /sv W eb b  1969; Jo n e s  1985; 
S o u th w ard  er r;/. 1996; S ib u et 
a n d  O lu  1998

Lamellibrachia columna y es W P L au 1 8 3 0 -1 8 9 0  in sv S o u th w ard  1991

Lamellibrachia luymesi yes W A G u y 5 0 0  in se V an d e r  L and  an d  N o rrev a n g  
1 9 7 5 ,1 9 7 7

Lamellibrachia satsuma y es W P K ag , K an 8 2 -3 0 0  m se /sv K o jiin a  et al. 1997; M iu ra  el al. 
1997

Lamellibrachia viclori y es W A U ru 3 0 0  in se M aflé-G arzôn  and  M o n te ro  1986

Lamellibrachia sp . 1 no W P S ag , K an, N a n - 13 3 0 0 -  1300 in se K o jiin a tV fi/. 1997

Lamellibrachia sp . 2 n o W P N an-T 3 2 0 0 0  in se K o jiin a  er o /. 1997

Lamellibrachia sp . 3 no EA V ig 1160 in w r D a n d o t '/o / .  1992

Lamellibrachia sp . 4 no W A L ou-u 4 0 0 -  1000 in se E isher, pers. co in m .; S ib u e t an d  
O lu  1998

Lamellibrachia sp . 5 no EA M ed 1 7 0 0 - 2 0 0 0  in (? ) se W o o d s id e  1997

Oasisia alvinae y es EP 2 I N ,9 - 1 3 N 2 5 0 0  - 2 6 0 0  in bv Jo n e s  1985; V an  D o v er 20 0 0

Oasisia sp. y es EP I3N 2 6 0 0  in bv l u n n ic lille  1991, S ch u lze , in 
p ress



Table 5.1 (continued)

Species In c lu d e d  in
p resen t
an a ly s is

G en e ra l A rea S ile(s) D ep th  range H ab ita t type R e fe ren ce (s )

Paraescarpia echinospica y es W P E di, Jav 1600 m sc? S o u th w ard  et al. (A p p p e n d ix ) , 
S ch u lze , in p ress

Ridp^cia piscesae y es E P JdF 1 5 7 0 -  3250  m bv Jo n e s  1985; T u n n ic l i f fe t '/ f l / ,  1998; 
V an  D o v e r 2 0 0 0

Riftia pachyptila y es E P G u a ,2 1 N ,9 - l3 N ,G a l 2 0 0 0  -2 6 0 0  m bv Jo n e s  1985; T u n n ic l i f f c e /a / .  1998; 
V an D o v e r  2 0 0 0

Tevnia Jerichonana y es E P 9 - I3 N 2 5 0 0  - 2 6 0 0  m bv Jo n e s  1985; T u n n ic l i f f e t '/« / .  1998; 
V an D o v e r 2 0 0 0

O b tu ra ta  n. sp. y es W A L ou-u 4 5 0  - 550  m sc G a rd in e r, p e rs . co m m .

oo
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Figure 5.1 : Vestimentiferan relationships as suggested by molecular data. Labels to the 
right o f the cladograms were inserted by me. A. 28S rRNA tree based on neighbour 
joining, parsimony and maximum likelihood; "Lam" and "Vigo" worm" are 
Lamellibrachia species. Bootstrap values, top: neighbor joining, bottom: parsimony 
(from Williams et al. 1993). B. Cytochrome oxidase 1, tree based on neighbour joining, 
parsimony and maximum likelihood. Bootstrap values, plain numbers: likelihood (100 
iterations), underlined: parsimony (500 iterations), italicised: neighbour joining (500 
iterations) (from Black et al. 1997).
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studies. 18S rRNA does not resolve the relationships within the Vestimentifera very 

well; bootstrap values are low (Halanych et al. 1998). Black et al. (1997) found that 

Ridgeia. Oasisia, Tevnia and Riftia form a derived monophyletic clade that was not 

supported by Williams et al. (1993). Furthermore, Williams et al. found strong support 

for a sister group relationship of Tevnia and Ridgeia whereas the phylogeny by Black et 

al. supported Tevnia and Riftia as well as Ridgeia and Oasisia as sister groups. Kojima et 

al. (1997) studied molecular phylogenetics among vestimentiferan species around Japan 

which represent only the two genera Lamellibrachia and Escarpia. Because of its 

restricted taxonomic range, I will not use it as a basis for comparison with the 

morphological data.

Laue and Nelson (1997) and Feldman et al. (1998) reconstructed the phylogeny of 

vestimentiferan endosymbiotic bacteria. There is neither molecular (Cary et al. 1993) nor 

ultrastructural (Cavanaugh et al. 1981 ; Cary et al. 1989) evidence for a vertical 

transmission of endosymbionts from one generation of Vestimentifera to the next. The 

hypothesis of a horizontal transmission of endosymbionts (i.e. uptake of new symbionts 

in each generation) is supported by the presence of a transient digestive tract in newly 

settled juveniles that sometimes contains bacteria (Jones and Gardiner 1988; Southward 

1988). Both Laue and Nelson (1997) and Feldman et al. (1998) found that 

endosymbionts have not co-evolved with their hosts, another argument in favour of 

horizontal transmission. The evolutionary separation between vent and seep 

endosymbiotic bacteria is estimated to have preceded the divergence of Vestimentifera 

into vent and seep-inhabiting clades by at least 100 MY (Feldman et al. 1997). Even 

though the symbiont phylogeny is not directly correlated with host phylogeny, it may 

have indirect implications: the ability to host a certain type of symbiont may enable a 

host species to colonise a certain habitat.

Methods

Taxa included

The initial datasets included 17 vestimentiferan and three outgroup species (Table 

5.1). The information available for some of the ingroup species is very limited, 

potentially resulting in ambiguities in the reconstruction of phylogenies. To reduce the
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amount of ambiguity, two approaches were taken: 1. Ingroup species scored with six or 

more "?" for parsimony informative characters were excluded from the analysis. The 

excluded species were Alaysia spiralis and Lamellibrachia victori. 2. The analysis was 

also performed at the genus level, including and excluding Alaysia. Whenever several 

character states occurred within a genus, it was scored as polymorphic for this particular 

character. If character states were known only for a portion of the species and showed no 

contradiction within the genus, the genus was assigned the character state o f the species 

from which it was known.

Outgroups were chosen among the presumably closest relatives to the 

Vestimentifera, i.e. the Perviata and the Monilifera. One representative each of the two 

perviate orders Thecanephria and Athecanephria (according to Ivanov 1963) and of the 

monogeneric Monilifera were selected. Siphonobrachia lauensis (Thecanephria) and 

Oligobrachia gracilis (Athecanephria) were specifically chosen because o f their thorough 

descriptions in the literature, including ultrastructural data (Southward 1978; Southward 

1991 ; Southward 1993). The choice of Sclerolinum minor was arbitrary. Only one 

Scleroliniim specimen (5. brattstromi) has been sectioned for light microscopy to date, 

but the sections were not informative with regard to the excretor>' organs (Southward, 

pers. comm.) on which six characters from the present dataset are based. The character 

states that were assigned to Sclerolinum minor would apply for other species of 

Sclerolinum as well (Southward 1972).

Characters

The choice o f characters reflects the objective of the study, i.e. to resolve the 

relationships among the species (Table 5.2) (detailed description of characters in 

Appendix 5). Characters that support the monophyly of the ingroup are the 

absence/presence o f the obturaculum, the vestimentum and branchial lamellae (in the 

conventional coding approach, see below).



Table 5.2; Characters and character states used in the conventional coding and inultistate coding analyses. See Appendix for detailed  
character descriptions

sh o rt C h a ra c te r ty p e  o f  cod ing : 
m u ltis ta te / 
co n v e n tio n a l/ 
b o th

ch a rac te r  s ta te  0 c h a ra c te r  s ta te  1 c h a ra c te r  s ta te  2 ch a ra c te r  sta te  3 co m m e n ts

co l C o lla rs  o n  tu b e b o th absen t p rese n t

ob t O b tu ra c u lu m  s tru c tu re co n v e n tio n a l absen t p rese n t

m u ltis ta te absen t sh o rt m e d iu m long se c  T a b le  5 .8

so b S ize  o f  o b tu ra c u lu m c o n v e n tio n a l short m ed iu m lo n g se c  T a b le  5 .8

n o O b tu ra c u lu m bo th stro n g llim sy a u ta p o m o rp h y  for 
Arcoveslia ivanovi

cru C ru st o n  a n te r io r  face o f  
o b tu rac u lu m

b o th absen t p rese n t

a .\r A x ia l ro d  in o b tu ra c u lu m bo th absen t p resen t

spi S p ik e  on  o b tu ra c u lu m bo th absen t p resen t u n in fo rm a tiv e  in 
g e n u s  level an a ly s is

sau S au ce rs  o n  o b tu rac u lu m both absen t p resen t

d g r D orsa l g ro o v e  in o b tu racu lu m both absen t p resen t

b la H ranch ia l la m e llae co n v e n tio n a l absen t p resen t

m u ltis ta te absen t <  10 > 1 0 - 3 0 > 30 see  T ab le  5 ,1 0



Tabic 5.2 (continued)

sh o rt C h a ra c te r ty p e  o f  cod ing : 
m u ltis ta te / 
c o n v e n tio n a l/ 
bo th

c h a ra c te r  s ta te  0 c h a rac te r  s ta te  1 c h a ra c te r  s ta te  2 c h a ra c te r  s ta te  3 co m m en ts

nb l N u m b e r  o f  b ran c h ia l lam ellae co n v e n tio n a l <  10 1 0 - 3 0 > 3 0 see tab le  5 .10

s n S e n so ry  f ilam en ts co n v e n tio n a l ab sen t p resen t

m u ltis ta te ab sen t co n c en tra ted
d o rsa lly

co n c en tra ted
d is ta lly

ran d o m c h a rac te r  s ta te  3 
au tap o m o rp h y  fo r 
RiftUi pachyptila

dsfl D is tr ib u tio n  o f  se n so ry  f ilam en ts co n v e n tio n a l co n c en tra ted
d o rsa lly

co n c en tra ted
d ista lly

ran d o m c h a rac te r  s ta te  2 
au tap o m o rp h y  fo r 
Riftia pachyptila

ex p N u m b e r  o f  e x c re to ry  p o res bo th one tw o

cx d sh a p e  o f  e x c re to ry  d u c ts both c o n tin u o u s sac-like

c x g E x c re to ry  g ro o v es both ab sen t p resen t

pap E x c re to ry  p ap illa e bo th ab sen t p resen t

ccx C u tic u la r  lin ing  o f  d is ta l ex c re to ry  
d u c ts

both ab sen t p resen t

p ep P o s itio n  o f  e x c re to ry  p o re s  re la tiv e  
to  e x c re to ry  o rg an

b o th a n te rio r/sam e
level

p o ste rio r au tap o m o rp h y  for 
Riftia pachyptila

gex G la n d u la r  lin ing  o f  e x c re to iy  duct bo th co m p le te in co m p le te a u tap o m o rp h y  for 
Oasisia sp.

OV«



Tabic 5.2 (continued)

sh o rt C h a ra c te r ty p e  o f  co d in g : 
m u ltis ta le / 
c o n v e n tio n a l/ 
hot It

c h a ra c te r  s ta te  0 c h a ra c te r  s ta te  1 c h a rac te r  s ta te  2 c h a ra c te r  s ta te  3 co m m en ts

co n N u m b e r  o f  c o n n e c t io n s  b e tw e en  
e x c re to ry  d u c t a n d  o rg an

both one sev era l

p eo P o sitio n  o f  a n te r io r  e x c re to ry  o rg an  
re la tiv e  to  b rain

both d o rsa l a n d /o r  on 
s id es

v en tra l

g cd G lan d s  in e x c re to ry  d u c t bo th u n ifo rm tw o  d is tin c t 
reg io n s

vcs V estim en tu m c o n v e n tio n a l ab sen t p rese n t

m u ltis ta tc ab sen t long m ed ium  sh o rt sec  T ab le  5 .9

svi S ize  o f  v es tim e n tu m co n v e n tio n a l long m ed iu m short se c  T a b le  5 .9

p v f P o s te rio r  v e s tim e n ta l fo ld both en tire d iv id e d

vas V asc u la r  a rra n g e m e n t both basal ax ia l a u ta p o m o rp h y  fo r 
Riftia pacliyp/ila

c h o R ow s o f  c h a e ta e  in th e  o p is th o so m e both ab sen t p resen t

ch r N u m b er  o f  c h a e ta l ro w s  p e r  segm en t both 1-2 m u ltip le a u to a p o m o rp h y  
fo r Riftia 
pachyptila

o p s N u m b er  o f  o p is th o so m a l se g m en ts both < 10 > 10 see  T a b le  5 .1 0

OON
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Table 5.2 includes phylogenetically uninformative characters that should be 

regarded as additional information. They do not affect the outcome of the cladogram, but 

do have an impact on the tree length. These autapomorphies were therefore excluded 

from the analyses and are not included in the datasets (Tables 5.3 - 5.6).

Coding strategies
The outcome of any phylogenetic analysis is primarily influenced by the input, 

i.e. the data matrix. Typically, the columns of a dataset represent characters whereas 

individual entries represent character states. Characters should be viewed as 

"independent variables whose possible values are collections of mutually exclusive 

characters states" (Swofford et al. 1996, p. 411). The definition of characters is 

essentially a statement of primary homology, inferred from topographic, ontogenetic and 

compositional similarity of traits (Hawkins et al. 1997).

Character coding as a critical step in phylogenetic analysis can be approached 

with different strategies, often mixed within a single analysis. Hawkins et al. (1997) 

discuss the merits o f conventional, multistate and nominal variable coding. The different 

approaches are illustrated in Table 5.7 using an example of the present analysis: the 

ingroup taxa have an obturaculum, the outgroups do not: within the ingroup, the length of 

the obturaculum varies among the species.

The major problem with conventional coding is that one character is nested within 

another resulting in some taxa being scored as "inapplicable". If, for example, a character 

is only applicable for the ingroup, character optimisation is problematic, because the 

outgroup cannot be invoked to determine the ancestral state of the character. Even 

though in the data set inapplicable characters (coded as "x") can be distinguished from 

unknown character states ("?"), current computer programs used for cladistic analyses 

treat them equally (Strong and Lipscomb 1999). In certain situations, this can result in 

the failure to find all most parsimonious reconstructions (MPRs) (Maddison 1993).

Multistate coding avoids this problem but it ignores that character states represent 

different hierarchical levels (Lee and Bryant 1999). The absence of an obturaculum 

(character state 0) is not a complement to the other character states which are all 

attributes of the obturaculum (i.e. require the presence of an obturaculum). Even though



T able 5.3: S p ecies  level dataset, m u ltis ta te  cod ing . 0 - 3 ,  charac ter states; several states for one taxon ind icate polyniorphi
?, u n k n o w n  s ta te ; x, inapp licab le; w eigh ts  used in the d iffe ren tial w eights analysis are ind icated  in the first row .

col obt cru axr sau spi dgr bla Sf1 Ish exp cxd exg pap cex com ves pvf cho ops
Weights 1 1 0,5 0.5 0.25 0.25 0.5 1 1 0.5 I 1 1 1 1 1 1 0.5 1 1

Alaysia spiralis 1 1 0 0 X X 1 1 0 I ? ? ? ? 7 ? 1 0 1 0
Arcoveslia ivanovi 1 3 0 0 X X 1 2 1 0 1 0 0 1 1 0 2 0 1 1
Escarpia laminata 0 1 1 1 0 0 0 3 2 0 0 0 7 0 1 1 1 0 1 ?
E. spicata 0 1 I 1 0 1 0 3 2 0 0 ? 0 0 1 ? 3 0 ? ?
Lamellibrachia barhami 1 1 0 0 X X 0 2 0 1 0 0 0 ? 1 0 1 1 ? ?
L. columna 0 1 0 0 X X 0 2 0 1 0 ? 0 ? ? I 1 I 1
L. luymesi 1 1 0 0 X X 0 2 0 1 0 ? 0 ? 0 0 1 1 ? ?
L. satsuma 1 1 0 0 X X 0 2 0 1 0 7 0 ? 7 7 1 1 I 1
L victori 1 1 0 0 X X 0 2 0 1 0 7 0 ? 7 7 1 1 ? ?
L  s p . 1 I 1 0 X X 0 1 0 1 0 0 0 0 0 0 1 1 ? ?
Oasisia alvinae 1 2 0 1 1 0 i 2 1 0 1 7 0 1 7 ? 3 0 1 I
Oasisia s p . 1 2 0 1 1 0 1 2 ! 0 1 I 0 1 1 0 3 0 1 1
Paraescarpia echinospica 1 1 1 I 0 1 0 2 2 0 0 0 0 1 0 1 1 1 I
Ridgeia piscesae 0.1 3 0 1 1 0 1 3 1 0 1 1 0 I 0 0 3 0 1 1
Riftia pachyptila I 3 0 0 X X 1 3 3 0 1 1 1 1 1 1 3 0 1 I
Tevnia jerichonana I 2 1 I 0 0 1 3 1 0 1 1 1 1 1 0 3 0 1 1
Oligobrachia gracilis 0 0 X X X X X 0 0 X 1 0 0 0 0 0 0 X 0  ?
Siphonobrachia lauensis 1 0 X X X X X 0 0 X 1 0 0 0 1 0 0 X 0 I
Sclerolinum minor 0 0 X X X X X 0 0 X 7 7 7 ? 7 0 X 1 0
O b tu ra ta  n. s p . 1 1 1 ) 0 0 0 2 2 0 0 0 0 0 1 0 2 1 ? 7

11 ;

O
00



Table 5.4: Species level dataset, conventional coding. 0 - 2, character states; several states for one taxon indicated polymorphism; ?,
u n k n o w n  s ta te ;  x ,  i n a p p l i c a b l e ;  w e i g h t s  u s e d  in  t h e  d i f f e r e n t i a l v c ig h ts  a n a l y s i s  a r e  i n d ic a t e d  in  th e  f irs t  r o w .

col obt sob cru axr sau spi dgr bla nbl sn d sf Isb exp cxd cxg pap ccx con vcs svt pvf cbo ops

W eights 1 ! 0.5 0.5 0.5 0.25 0.25 0.5 0.5 1 0.5 0.5 1 I 1 1 1 1 1 0.5 0.5 1 1

Alaysia spiralis 1 1 0 0 0 X X 1 0 0 X I ? ? ? ? ? 7 I 0 0 1 0
Arcoveslia ivanovi 1 I 2 0 0 X X 1 1 1 0 0 1 0 0 1 1 0 1 1 0 1 1
Escarpia laminala 0 1 0 1 1 0 0 0 2 1 1 0 0 0 ? 0 1 1 1 0 0 1
E. spicata 0 1 0 1 1 0 1 0 2 1 1 0 0 ? 0 0 1 7 1 2 0 ?
Lamellibrachia barhami 1 1 0 0 0 X X 0 1 0 X 1 0 0 0 ? 1 0 1 0 1 ?
L. columna 0 1 0 0 0 X X 0 1 0 X 1 0 ? 0 7 7 7 1 0 1 1 1
L. luymesi 1 1 0 0 0 X X 0 1 0 X 1 0 7 0 7 0 0 1 0 1 7

L. satsuma 1 1 0 0 0 X X 0 1 0 X 1 0 ? 0 ? ? 7 1 0 1 1 1
L. victori 1 1 0 0 0 X X 0 1 0 X 1 0 ? 0 7 7 ') 1 0 1 7

L  s p . 1 1 0 1 0 X X 0 0 0 X 1 0 0 0 0 0 0 1 0 1 ?
Oasisia alvinae 1 1 I 0 1 I 0 1 1 1 0 0 1 ? 0 I ? 7 1 2 0 1 1
Oasisia s p . 1 1 1 0 I 1 0 1 1 1 0 0 1 1 0 1 1 0 1 2 0 1 1
Paraescarpia echinospica 1 1 0 1 1 0 1 0 1 1 1 0 0 0 0 0 1 0 I 0 1 1 1
Ridgeia piscesae 0.1 1 2 0 1 1 0 1 2 1 0 0 1 1 0 1 0 0 1 2 0 1 1
Riftia pachyptila 0 I 2 0 0 X X 1 2 1 2 0 1 1 1 1 1 1 I 2 0 1 1
Tevnia jerichonana 1 1 1 1 1 0 0 1 2 1 0 0 1 1 1 1 1 0 1 2 0 1 I
Oligohrachia gracilis 0 0 X X X X X X X 0 X X 1 0 0 0  0 0 0  X X 0
Siphonobrachia lauensis 1 0 X X X X X X X 0 X X I 0 0 0 1 0 [) X X 0 1
Sclerolinum minor 0 0 X X X X X X X 0 X X ? 7 7 7  7 0 X X 1 0

O b tu ra ta  n. sp. 1 1 0 1 1 0 0 0 1 1 1 0 0 0 0 0 1 0 1 1 1 ? ?

OSO



I’ab lc  5.5: G en u s level datase t, m u ltis ta te  coding . 0 - 3, charac ter sta tes; several states for one taxon indicate po lym orph ism ;
? ,  unknow n sta te ; x, inapp licab le ; w eigh ts  used in the d ifferen tial w e igh ts  ana lysis are ind icated  in the first row.

co l obt cru axr sau spi dgr bla Sf1 Ish ex p cxd cxg pap ccx con vcs p v f ch o  ops

W eigh ts 1 1 0.5 0 .5 0.25 0.25 0.5 1 1 0.5 1 1 1 I 1 1 1 0.5 1

Alaysia 1 1 0 0 X X 1 1 0 1 ? ? 7 7 7 7 1 0 1 0
Arcoveslia 1 3 0 0 X X I 2 1 0 1 0 0 1 1 0 2 0 1 1
Escarpia 0 1 1 1 0 0,1 0 3 2 0 0 0 0 0 1 1 1,3 0 1 ?
Lamellibrachia 0.1 1 0.1 0 X X 0 1,2 0 1 0 0 0 0 0 0 1 1 1 1
Oasisia 1 2 0 1 1 0 1 2 1 0 1 1 0 1 1 0 3 0 1 1

Paraescarpia 1 1 1 1 0 1 0 2 2 0 0 0 0 0 1 0 1 1 1 1
Ritlyeia 0,1 3 0 1 1 0 1 3 1 0 1 1 0 1 0 0 3 0 1 1
Riftia 0 3 0 0 X X 1 3 3 0 1 1 1 1 1 1 3 0 1 1
Tevnia 1 2 1 1 0 0 1 3 1 0 1 1 1 1 1 0 3 0 1 1
Oligohrachia 0 0 X X X X X 0 0 X 1 0 0 0 0 0 0 X 0  ?

Siphonobrachia I 0 X X X X X 0 0 X 1 0 0 0 1 0 0 X 0  1

Sclerolinum 0 0 X X X X X 0 0 X ? 7 7 7 7 7 0 X 1 0

O b tu ra ta  gcii. 1 1 1 1 0 0 0 2 2 0 0 0 0 0 1 0 2 I ? ?



T ab le  5.6: G en u s level dataset, conven tiona l coding. 0 - 2, charac te r states; several s ta tes for one taxon ind icate  polym orph ism ; ?,
u n k n o w n  state; x ,inapp licab le ; w e ig h ts  used in the d iffe ren tia l w eigh ts  analysis are ind icated  in the first row .

col obt sob cru axr sau spi dgr bla nbl sn dsf Ish exp cxd exg pap cex pep vcs svt pvf cho ops
Weights 1 1 0.5 0.5 0.5 0.25 0.25 0.5 1 0.5 1 0.5 0.5 1 1 1 1 1 1 1 0.5 0.5 1 1

Alaysia 1 1 0 0 0 X X 1 I 0 0 X 1 9 9 ? ? ? ? 1 0 0 1 0
Arcoveslia 1 1 2 0 0 X X 1 1 1 1 0 0 1 0 0 1 1 0 I 1 0 1 I
Escarpia 0 1 0 1 1 0 0,1 1 1 2 1 1 0 0 0 0 0 1 0 1 0,2 0 1 ?
Lamellibrachia 0,1 \ 0 0,1 0 X X 0 1 0,1 X 1 0 0 0 0 0 0 1 0 1 1 1
Oasisia 1 1 1 0 1 1 0 1 1 1 1 0 0 1 1 0 1 1 0 1 2 0 1 1
Paraescarpia 1 1 0 1 1 0 1 0 1 1 1 1 0 0 0 0 0 1 0 1 0 1 1 t

Ridgeia 0,1 1 2 0 1 1 0 1 I 2 1 0 0 1 1 0 1 0 0 1 2 0 1 1
Riftia 0 1 2 0 0 X X 1 1 2 1 2 0 1 1 1 1 1 1 1 2 0 1 1
Tevnia 1 1 1 1 1 0 0 1 1 2 1 0 0 1 1 1 1 1 0 1 2 0 1 1
Oligohrachia 0 0 ,\ X X X X X 0 X X X 1 0 0 0 0 0 0  X X 0 7

Siphonobrachia 1 0 X X X X X X 0 X 0 X X 1 0 0 0 1 0 0 X X 0 1
Sclerolinum 0 0 X X X X X X 0 X 0 X X ? ? ? ? ? 9 0 X X 1 0
O b tu ra ta  gen . 1 1 0 1 1 0 0 0 1 1 1 1 0 0 0 0 0 1 0 1 1 1 9 7
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Table 5.7: Coding strategies illustrated with an example of the present analysis

C o d in g  s t r a te g y C h a ra c te r s C h a r a c t e r  s ta te s C o d e

" C o n v e n t io n a l" 1. O b tu r a c u lu m a b s e n t /p re s e n t 0  1

2 . L e n g th  o f  
o b tu ra c u lu m

s h o r t /m e d iu m / lo n g 0  I 2

M u lt is ta te O b tu r a c u lu m a b s e n t / s h o r t /m e d iu m /lo n g 0  1 2  3

N o m in a l  V a r ia b le 1. S h o r t  o b tu r a c u lu m a b s e n t /p re s e n t 0  1

2 . M e d iu m  
o b tu r a c u lu m

a b s e n t /p re s e n t 0  1

3 . L o n g  o b tu r a c u lu m a b s e n t /p re s e n t 0  1
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obturaculum size is logically dependent on the presence of an obturaculum. both 

characters can independently define groupings at different hierarchical levels.

Nominal variable coding was favoured by Pleijel (1995) as a "simpler and and 

more straightforward approach than the alternatives" (p. 315) but more recent studies 

have shown that many problems are involved with it (Hawkins et al. 1997; Lee and 

Bryant 1999; Strong and Lipscomb 1999). If each variable is scored as a different 

character, the assumption of character independence is violated. Taxa that do not have a 

particular character are scored "0" for several characters. The absence of a character 

would thus receive more weight than the presence o f each condition of this character.

This can result in erroneuos grouping of taxa on the basis of multiple "0"s. interpreted as 

synapomorphies. Also, the character states do not complement each other. If 1 stands for 

"short obturaculum". 0 may stand for either medium, long or no obturaculum. Character 

state "0" is meaningless as a synapomorpy because it does not actually stand for a single 

character state (Hawkins et al. 1997; Lee and Bryant 1999; Strong and Lipscomb 1999).

Both conventional and multistate coding were applied (Table 5.2). Due to the 

conceptual problems involved with it, nominal variable coding was ignored in this 

analysis. Conventional coding resulted in 24 parsimony informative characters in the 

initial and 23 in the subsequent analysis with two species excluded. Multistate coding 

reduced the number o f parsimony informative characters to 20 initially and 19 

subsequently. The numbers apply to both the species and the genus level analyses.

Characters that were nested in other characters, but did not represent an inherent 

variable of the primary character (e.g. the presence o f an axial rod which is only 

applicable if an obturaculum is present), were maintained as separate characters in the 

multistate coding approach. This solution is preferable to including all nested characters 

in a single multi state character which would result in too large a number of character 

states and thus a loss of information.

To date, no algorithm is available to account for character linkage in cladistic 

analysis of morphological datasets. Rouse and Fauchald (1997) suggested assigning full 

weight to primary characters, a weight of 0.5 to subsidiary characters and a weight of

0.25 to any characters subsidiary to those. This approach was adopted: a weight set was
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defined for the nested characters and invoked in each analysis in addition to an analysis 

with equal weights (Tables 5.2 - 5.6).

Quantitative characters

Whereas some authors (e.g. Chapill 1989) argue that quantitative or continuous 

characters (counts, sizes, shapes etc.) should not be included in cladistic analyses, others 

have suggested different solutions for coding of quantitative data (Archie 1985; Thiele 

1993; Zelditch et al. 1995; Sosa and De Luna 1998). For the type of data at hand and the 

kind of analysis, gap-coding provides an algorithm likely to be useful (Archie 1985). 

However, depending on the arbitrarily determined constant, the method resulted either in 

just one state, in two states (but state 1 being an autapomorphy), or in so many states that 

almost every single taxon had a different state. Either result is uninformative for 

phylogenetic analysis. Sosa and De Luna (1998) suggested to use as many character 

states as an analysis o f variance (ANOVA), followed by multiple range tests, reveals. 

With the limited sample size of some vestimentiferan species this approach is also 

problematic. Yet. the data show that there are differences among the taxa. If they are 

ignored, potentially important information is discarded. The strategy chosen for the 

characters "obturaculum/vestimentum length" and "vestimentum length/diameter" was to 

rank the means of the species, find the two largest gaps between adjacent taxa (unless 

they would result in autapomorphies) and use those to delimit one character state from 

the next (Tables 5.8, 5.9). The differences among the groups with a particular character 

state were tested with a single factor ANOVA. In both cases, the differences among the 

groups were significant (P < 0.0005). Data from Jones (1981) indicate that the ratio 

between obturaculum and vestimentum length does not correlate with specimen size (Fig. 

5.2 A).

Two other quantitative characters were included; the number of branchial 

lamellae and the number of opisthosomal segments correlate strongly with specimen size 

in Riftia pachyptila (Fig. 5.2B, C). However, at least for the number of branchial 

lamellae, there seems to be a species-specific maximum number. Not enough data are 

available to perform analyses similar to obturaculum and vestimentum length. In both
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Table 5.8: Species ranked according to meaii obturaculum/vestimentum length; range and 
character states with conventional and multistate coding are indicated.

n m ean obtVvest. 
Length

range state
(conventional

coding)

sta te  (m ultistate 
coding)

Lamellibrachia victori 1 0 .2 2 0 1
Lamellibrachia sp. (GoM) 1 0 .2 2 0 1
Lamellibrachia satsuma 64 0 .2 8 n 0 1
Lamellibrachia barhami 8 0 .2 9 0 .1 3  - 0 .4 0 0 1
O b tu r a ta  n . sp . 3 0 .3 0 0 .2 3  -  0 .3 7 0 1
L amellibrachia Iiiymesi 1 0 .3 2 0 I
Lamellibrachia columna 1 0 .3 4 0 1
Paraescarpia echinaspica 4 0 .3 4 0 . 2 9 - 0 . 4 1 0 1
Escarpia spicata 6 0 .3 5 0 .2 5  - 0 .5 0 0 1
Alaysia spiralis 2 0 .4 0 0 .3 7  - 0 .4 2 0 1
Escarpia laminata 7 0 .41 0 .3 4  - 0 .5 6 0 1
Tevnia jerichonana 8 0 .5 4 0 .3 4  -  0 .7 0 1 -)
O asisia sp. 4 0 .6 4 0 .5 6  -  0 .7 3 1 2
O asisia alvinae 6 0 .6 7 0 . 4 0 - 0 . 8 1 1 2
.Arcovestia ivanovi 1 1 .04 2 3
Ridgeia piscesae 16 1 .09 0 . 5 5 -  1.81 2 3
Riftia pachyptila 2 0 1 .57 0 . 9 8 - 3 . 0 9 2 3

Table 5.9: Species ranked according to mean vestimentum length/diameter; range and 
character states with conventional and multistate coding are indicated

n mean
vestimentum

length/
diameter

range state
(conventional

coding)

stale
(multistatc

coding)

Lamellibrachia victori 1 8 .0 0 0 1
Lamellibrachia sp. (GoM) 1 7 .5 0 0 1
.Alaysia spiralis 2 7 .4 0 4 . 8 0 -  10 .0 0 0 1
Lamellibrachia columna 1 6 .5  + 6 . 5 0 -  13 .0 0 0 1
Lamellibrachia luymesi 1 6 .2 5 4 .2 9  -  7 .7 8 0 1
Escarpia laminata 6 5 .7 9 4 .0 0  -  7 .0 0 0 1
Paraescarpia echinospica 4 5 .4 6 2 .8 2  -  6 .6 7 0 1
Lamellibrachia barhami 8 5 .1 7 0 1
O b tu r a ta  n . sp . 1 4 .6 5 1 2
.Arcovestia ivanovi 12 4 .4 0 1 2
Escarpia spicata 7 3 .6 3 2 .4 4  -  4 .9 2 2 3
Riftia pachyptila 18 2 .8 8 0 . 9 6 - 3 . 8 8 2 3
Ridgeia piscesae 12 2 .6 3 1 . 3 3 - 4 . 0 0 2 3
Oasisia alvinae 6 2 .5 8 1 .9 5 - 3 .3 1 2 3
Texmia jerichonana 8 2 .4 7 2 . 0 0 - 3 . 4 6 2 3
Oasisia sp. 1 2 .3 4 1 .8 4  - 3 .0 0 2 3
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Figure 5.2: Quantitative characters as functions o f specimen size. A. 
Obturaculum/vestimentum length. B. Number o f  branchial lamellae 
(p «  0.01). C. Number o f  opisthosomal segments (p «  0.01).
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cases, character states were assigned intuitively (Tables 5.10, 5.11). The number of 

opisthosomal segments shows great overlap among the species and the information is 

missing for many species. Among the ingroup taxa, only Alaysia spiralis seems to have a 

significantly lower number o f opisthosomal segments and was assigned a separate 

character state. The character becomes parsimony uninformative when Alaysia spiralis is 

excluded from the analysis.

A potential problem is that the characters "obturaculunv'vestimentum length" and 

"vestimentum length/diameter" are not independent, because vestimentum length factors 

in both. A better way to measure obturaculum length may be against its diameter. 

However, few o f the original species descriptions contain measurements of obturaculum 

diameter. Even though the species means of "obturaculum/vestimentum length" and of 

"vestimentum length/diameter" are correlated (r = 0.5861 > r o.o5 (2).30 = 0.349), coding 

resulted in different delimitations of character states. A similar problem is that the 

number of branchial lamellae may be correlated with the size of the obturaculum. The 

characters were maintained separately, but to account for their non-independence they 

were assigned a weight o f 0.5 in all analyses. To test their impact on the results, the 

analyses with the conventional coding dataset were also performed excluding the three 

characters "number o f branchial lamellae (nbl)", "size of obturaculum (sob)" and "size of 

vestimentum (svt)"

Analysis

The data were analysed with all combinations o f the following options: species 

level/genus level; including/excluding problematic taxa; multistate/conventional coding; 

equal weights/nested character weights. The program PAUP* version 4.0b4a (Swofford 

1996) for Windows 95 and for MacPPC was used for all tree constructions. Searches 

were performed with the branch and bound method, guaranteed to find all most 

parsimonious reconstructions (MPRs). The addition sequence was "furthest". Zero 

length branches were collapsed and the multrees option was in effect. To test whether the 

resolution of the tree could be increased by assigning more weight to characters with high 

consistency indices, all datasets were submitted to successive approximations weighting 

(SW), using the rescaled consistency index as a basis for re weighting the characters
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Table 5.10; species ranked according to their number of branchial lamellae; approximate 
range or maximum number and character states with conventional and multistate coding 
are indicated.

species n num ber o f State state
branchial (conventional (m ultistate
lam ellae coding) coding)

Alay-sia spiralis 2 4 0 1
Lam ellibrachia sp. I ca. 7 0 I
Obturata n. sp. 1 IS 1 2
Lamellibrachia satsuma 76 up to 19 I 2
Lam ellibrachia columna ca. 13 ca. 20 1 2
Oasisia alvinae 6 up to 20 1 2
Oasisia sp. 4 0 1 2
Paraescarpia echinospica 4 around 20 1 2
Arcovestia ivanovi 12 20 to 25 I 2
Lamellibrachia barhami 7 25 1 2
Lam ellibrachia Ittymesi 1 up to 25 1 2
Lamellibrachia victori 1 ca. 25 1 2
Escarpia laminata 10 30 to 35 2 3
Tevnia jerichonana 11 up to 33 2 3
Ridgeia piscesae 26 up to 35 2 3
Escarpia spicata 9 up to 63 2 3
Riftia pachyptila 27 up to 335 2 3

Table 5.11: Species ranked according to mean number of opisthosomal segments; range 
and character states are indicated; character states are identical in conventional and 
multistate coding.

n mean num ber o f  
opisthosom al 

segm ents

range state

.Alaysia spiralis 1 8 0

.Arcovestia ivanovi ! 37 I
Escarpia spicata  
Escarpia laminata  
Lamellibrachia barhami 
Lamellibrachia columna 2 33.5 27 to 40 1
Lamellibrachia luymesi 
Lamellibrachia satsuma 1 33 1
Lamellibrachia victori 
Lamellibrachia sp. 
Oasisia sp. 2 33 33 1
Oasisia alvinae 4 30 1 9 - 3 6 1
Paraescarpia echinospica 1 21 1
Ridgeia p iscesae 9 35.44 9 to 62 1
Riftia pachyptila 18 60.67 2 to 103 1
Obturata n. sp. 
Tevnia Jerichonana 6 25.83 17 to 38 1
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(Carpenter 1988). Consistency index (Cl), retention index (Rl), rescaled consistency 

index (RI) and homoplasy index (HI) were calculated for all MPRs. Within one analysis, 

these indices are the same for all MPRs. MPRs were rooted with the outgroups.

The decay index (Bremer 1994), calculated with AutoDecay, version 4.0 

(Eriksson 1998) in association with PAUP*, was used as a measure for branch support. 

For each of the constraint trees generated by AutoDecay. ten random addition searches 

were performed. PAUP* and MacCiade version 3.05 were used to reconstruct character 

states. Both options for character state reconstructions available in PAUP*. ACCTRAN 

and DELTRAN, were invoked and only unambiguous states were considered. MacCiade 

was used to map depth range, habitat type and geographic area onto the tree.

Comparison with molecular phylogenies

Given that the molecular phylogenies based on 28S rRNA and on CO 1 

conflicted, 1 had to decide which one to use as a basis for comparison to the phylogeny 

based on morphological data. Different sequences are not equally suitable to resolve 

relationships among a group of taxa. The analysed sequence needs to show an 

appropriate rate o f nucleotide substitution and it should not be subject to convergent or 

reticulate evolution which can both weaken or mask the phylogenetic signal. Split 

decomposition (Bandelt and Dress 1992) is a method that can be used to examine 

heterogeneity in phylogenetic signals between different genes by identifying which 

dataset provides the most reliable information (i.e. the least ambiguous phylogenetic 

signal) for testing specific biological hypotheses. The method operates with distance 

datasets. A "split" partitions the taxa into two subsets. All combinations of subsets are 

tested for their compatibility with the data and the splits are assigned weights 

accordingly. Ideal data are represented as a tree, but if the data support conflicting 

phylogenetic hypotheses, they will be represented as a tree-like network in which branch 

length corresponds to the weight o f the split. The distance between two taxa then 

represents the sum of the weights o f all splits separating them. Split decomposition and 

parsimony splits, a related method that operates directly from the sequences were 

performed using the program SplitsTree version 3.1 (Huson 1997). The sequences used 

by Williams et al. (1993) (444 bp, 83% invariable) and Black et al. (1997) (650 bp. 55%
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invariable) were downloaded from Genbank and aligned with the program ClustalX 

version 1.64b. For the transformation of the sequence data to distances all options 

available in SplitsTree (Hamming, LogDet, Jukes Cantor and Kimura) were used without 

resulting in different splits graphs. Since both split decomposition and parsimony splits 

only consider unrooted trees, only the ingroup taxa o f the Black el al. and the Williams ei 

al. datasets were analysed.

Results

General

Different tree topologies, number and length of MPRs, and different values of 

consistency, rescaled consistency, retention and homoplasy indices resulted from the 

different analyses (Tables 5 .12-5 .15 , Figs 5.3 -5.6). Almost all reconstructed trees agree 

in the following points: 1. Lamellibrachia has a basal position in the Vestimentifera 

clade. The only analysis in disagreement with the basal position of Lamellibrachia is the 

full species-level analysis with the multistate coding dataset and equal weights. The 

genus appears as paraphyletic in most analyses. 2. . Arcovestia ivanovi. Ridgeia piscesae. 

Tevnia jerichonana. Riftia pachyptila, Oasisia alvinae and Oasisia sp. form a derived 

monophyletic clade (from now on referred to as the vent clade). 3. One lineage gives rise 

to both the vent clade and another group formed by the two Escarpia species, 

Paraescarpia echinospica and Obturata n. sp. (from now on referred to as the Escarpia 

complex). The two Escarpia species are sister species, their relationship with 

Paraescarpia echinospica and Obturata n. sp. remains unresolved in most analyses.

The conventional coding analyses with equal weights resulted in consistently 

higher CIs, Rls and RCs and lower His than the multistate coding analysis with equal 

weights (Tables 5.12-5.15). This was not the case if the nested weight set was invoked.

In the analysis with multistate characters, weights for nested characters could not be 

assigned consistently because some subsidiary characters were included as character 

states in the main character. Agreement between the equal weights analysis and the 

nested weights analysis was better with the conventional coding than with the multistate 

coding approach.
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Table 5.12: Summary of results o f the species level analyses, full datasets

M ultistate 
coding, equal 

weights

M ultistate 
coding, a priori 

weighting

conventional 
coding, equal 

weights

conventional 
coding, a priori 

weighting

n u m b e r  o f  in it ia l  M P R s 1 3 5 3 6 2 4 6 2 0 4 102
le n g th 4 2 .5 4 0 .5 4 4 3 3 .5

c o n s i s t e n c y  in d e x 0 .5 7 6 0 .6 1 7 0 .5 9 1 0 .5 9 7
r e te n t io n  in d e x 0 .7 7 1 0 .7 8 2 0 .7 9 2 0 .7 9 3
r e s c a le d  c o n s is te n c y  in d e x 0 .4 4 1 0 .4 8 3 0 .4 6 8 0 .4 7 3
h o m o p la s y  in d e x 0 .4 4 7 0 .4 0 7 0 .4 3 2 0 .4 3 3

n u m b e r  o f  M P R s  a f t e r  s u c c e s s iv e  
a p p r o x im a t io n s  w e ig h t in g

4 186 84 8 4

le n g th 1 9 .8 3 5 2 0 .3 8 2 2 0 .5 2 8 2 0 .5 2 9

c o n s is te n c y  in d e x 0 .7 7 8 0 .7 7 0 0 .8 0 3 0 .8 0 3
r e te n t io n  in d e x 0 .9 1 7 0 .9 0 0 0 .9 2 5 0 .9 2 5
r e s c a le d  c o n s is te n c y  in d e x 0 .7 2 2 0 .6 9 3 0 .7 4 3 0 .7 4 3
h o m o p la s y  in d e x 0 .2 1 4 0 .2 4 3 0 .1 9 8 0 .1 9 8

Table 5.13: Summary of results of the species level analyses excluding Alaysia spiralis 
and Lamellibrachia victori

m ultistatc 
coding, equal 

weights

m ultistate 
coding, a priori 

weighting

conventional 
coding, equal 

weights

conventional 
coding, a priori 

weighting
n u m b e r  o f  in it ia l M P R s 5 6 5 4 56 2 6 4
le n g th 3 9 .5 3 8 .5 41 3 1 .7 5

c o n s is te n c y  in d e x 0 .6 0 2 0 .6 4 9 0 .6 4 3 0 .6 3 0
r e te n t io n  in d e x 0 .7 9 2 0 .7 9 8 0 .8 0 8 0 .8 0 3
r e s c a le d  c o n s is te n c y  in d e x 0 .4 9 1 0 .5 1 8 0 .5 1 2 0 .5 0 6
h o m o p la s y  in d e x 0 .4 0 5 0 .3 7 7 0 .3 9 0 0 .4 0 2

n u m b e r  o f  M P R s  a f t e r  s u c c e s s iv e  
a p p r o x im a t io n s  w e ig h t in g

10 5 4 1 1

le n g th 2 1 .2 3 3 2 1 .5 4 9 2 0 .0 9 9 2 1 .4 5 7

c o n s is te n c y  in d e x 0 .8 0 5 0 .8 0 7 0 .8 6 9 0 .8 6 3
r e te n t io n  in d e x 0 .8 6 5 0 .9 1 2 0 .9 5 1 0 .9 4 6
r e s c a le d  c o n s is te n c y  in d e x 0 .6 9 6 0 .7 3 5 0 .8 2 7 0 .8 1 7
h o m o p la s y  in d e x 0 .2 3 3 0 .1 9 7 0 .1 3 2 0 .1 3 8
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Table 5.14: Summary of results of the genus level analyses, full datasets

m ultistate 
coding, equal 

weights

m ultistate 
coding, a priori 

weighting

conventional 
coding, equal 

weights

conventional 
coding, a priori 

weighting
n u m b e r  o f  in it ia l  M P R s 52 20 66 33
le n g th 42.5 41.5 45.0 35.5

c o n s is te n c y  in d e x 0.671 0.693 0.667 0.665
r e te n t io n  in d e x 0.685 0.718 0.691 0.696
r e s c a le d  c o n s is te n c y  in d e x 0.460 0.498 0.460 0.456
h o m o p la s y  in d e x 0.447 0.422 0.444 0.451

n u m b e r  o f  M P R s  a f te r  s u c c e s s iv e  
a p p r o x im a t io n s  w e ig h t in g

7 7 1 1

le n g th 19.233 18.733 17.083 16.5833

c o n s is te n c y  in d e x 0.837 0.838 0.916 0.910
r e te n t io n  in d e x 0.894 0.896 0.953 0.950
r e s c a le d  c o n s is te n c y  in d e x 0.748 0.751 0.873 0.865
h o m o p la s y  in d e x 0.206 0.214 0.114 0.130

Table 5.15: Summary of results of the genus level analyses, excluding Alaysia

m ultistate 
coding, equal 

weights

m ultistate 
coding, a priori 

weighting

conventional 
coding, equal 

weights

conventional 
coding, a priori 

weighting
n u m b e r  o f  in it ia l M P R s 14 1 12 1
le n g th 39.5 38 41 32

c o n s is te n c y  in d e x 0.709 0.730 0.720 0.711
r e te n t io n  in d e x 0.720 0.757 0.739 0.748
r e s c a le d  c o n s is te n c y  in d e x 0.510 0.553 0.531 0.532
h o m o p la s y  in d e x 0.405 0.368 0.390 0.391

n u m b e r  o f  M P R s  a f te r  s u c c e s s iv e  
a p p r o x im a t io n s  w e ig h t in g

5 1 4 1

le n g th 20.517 19.067 20.250 18.867

c o n s is te n c y  in d e x 0.870 0.894 0.897 0.909
r e te n t io n  in d e x 0.911 0.926 0.934 0.940
r e s c a le d  c o n s is te n c y  in d e x 0.793 0.828 0.838 0.854
h o m o p la s y  in d e x 0.166 0.151 0.130 0.128



123

Successive approximations weighting almost always resulted in a reduced number 

of most parsimonious trees, higher CIs, Rls, RCs and lower His. However, the procedure 

did not always markedly improve the resolution of the strict consensus trees, but in some 

cases altered their topology (e.g. in the full species level it changed the status of Escarpia 

from monophyletic to paraphyletic). Arbitrary choices involved in successive 

approximations weighting can alter the results o f the analysis, such as the choice o f index 

for re weighting o f characters and if reweighting should be based on the best, worst or 

mean fit on the tree. The following descriptions and all trees shown are based on the 

conventional coding datasets and the initial analyses before successive approximations 

weighting.

Full species-level datasets

In both strict consensus trees shown (Fig. 5.3), Lamellibrachia appears basal 

within the Vestimentifera clade. Relationships among the Lamellibrachia species are 

largely unresolved, but L. columna is the most basal species and renders the genus 

paraphyletic. In the equal weights analysis (Fig. 5.3A), the two Escarpia species are 

sister species, but their relationships with Obturata n. sp. and Paraescarpia echinospica 

are unresolved. Alaysia spiralis forms a polytomy with the Lamellibrachia species.

There is no conflict between the strict consensus trees of the equal weights and 

differential weight analysis, but the latter shows better resolution. The topology shown in 

Fig. 5.3B is supported by 50% of the MPRs resulting from the equal weights analysis.

The Escarpia complex is monophyletic with two pairs of sister species. Within the vent 

clade. Arcovestia is basal and Tevnia and Riftia are sister species. 50% of the MPRs 

favour the grouping of Ridgeia piscesae with the Oasisia species. Alaysia spiralis forms 

a basal branch to the monophylum formed by the vent clade and the Escarpia complex.

If the quantitative characters are excluded, both analyses yield the same consensus 

tree of 102 MPRs. The tree is largely identical to the strict consensus tree of the nested 

weight set approach, except that Ridgeia piscesae groups with the Oasisia species.
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Reduced species-level datasets
Exclusion o f Alaysia spiralis and Lamellibrachia victori adds resolution to the 

strict consensus tree in the analysis with equal weights (Fig. 5.4A) as compared to the full 

species level analysis but decreases the resolution o f the differential weights approach 

(Fig. 5.4B). With equal weights, Tevnia jerichonana appears at the base of the vent clade 

and Arcovestia ivanovi is the sister species to Riftia pachyptila. The Escarpia complex is 

paraphyletic. However, this topology is not very stable; the alternative with .Arcovestia in 

a basal position and Ridgeia and Oasisia as well as Tevnia and Riftia as sister groups (as 

suggested in the nested weights analysis with the full dataset) is only 0.5 steps longer. If 

the quantitative characters are excluded, the strict consensus tree does not resolve 

relationships within the vent clade, but 50% of the MPRs support the derived position of 

Tevnia jerichonana and Ridgeia piscesae grouping with the Oasisia species.

In the differential weights approach, exclusion of the quantitative characters does 

not alter the topology except that Ridgeia piscesae groups with Oasisia. The positions of 

Tevnia and .Arcovestia are more stable than in the equal weights approach. If they are 

swapped, tree length increases by 1.25 steps as compared to 0.5 steps in the equal weights 

approach.

Genus level analysis

Using the full genus level dataset, the relationships among Lamellibrachia. 

Alaysia, Escarpia, Obturata gen. and Paraescarpia cannot be resolved in either analysis 

(Fig. 5.5). The vent clade is monophyletic with Arcovestia in a basal position. With 

equal weights, Oasisia and Ridgeia are sister taxa, whereas with the nested weightset 

Tevnia and Riftia are sister taxa and Oasisia and Ridgeia appear as paraphyletic. 

Exclusion of the quantitative characters results in complete loss of resolution in the 

Vestimentifera clade with the equal weights approach and renders Oasisia and Ridgeia as 

the only monophylum in the analysis with differential weights.

Genus level analysis, excluding Alaysia

If Alaysia is excluded, the only supported clades in the equal weights analysis are 

the Vestimentifera as such and the vent clade (Fig. 5.6A). The topology remains
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unaffected if the quantitative characters are excluded- The tree constructed with 

differential weights is more resolved (Fig. 5.6B). The Escarpia complex is paraphyletic. 

with Escarpia as the most basal genus and Obturata gen. in a derived position. In the 

vent clade, Arcovestia is basal, Riftia and Tevnia are sister species and Oasisia and 

Ridgeia are paraphyletic. Exclusion o f the quantitative characters changes the results; 

Oasisia and Ridgeia appear as sister species and Paraescarpia and Obturata gen. form a 

poKiomy.

Character state reconstruction

.A.ccording to the character state reconstructions, the ancestral vestimentiferan had 

a tube without collars, a small obturaculum without a crust, axial rod. saucers, spike or 

dorsal groove. It had probably between 10 and 30 branchial lamellae, no sensory 

filaments, but sheath lamellae. The excretory system was characterised by a single 

excretory pore, continuous excretory ducts, no cuticular lining in the distal excretory 

ducts, a long vestimentum with a divided posterior vestimental fold, chaetal rows in the 

opisthosome and more than 10 opisthosomal segments. These character states essentially 

describe Lamellibrachia columna. With three synapomorphies, the vent clade is the best 

supported grouping within the Vestimentifera (Fig. 5.7).

Molecular data: split decomposition and parsimony splits

Split decomposition analysis indicates that most branches in both the Black et a i 

(1997) and Williams et al. (1993) phylogenies are well supported by the respective 

molecular sequence data (Fig. 5.8). In both analyses, the Escarpia complex and Riftia 

pachyptila constitute the most problematic groupings. With the Williams et al. dataset, 

relationships are even more ambiguous if parsimony splits are performed (Fig. 5.9A). By 

contrast, parsimony splits with the Black et al. data result in unambiguous relationships 

of Riftia pachyptila and the Escarpia complex but some ambiguities for the placement of 

Oasisia alvinae and Ridgeia piscesae (Fig. 5.9B).
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Discussion

Analysis o f  morphological data

In any cladistic analysis, the reconstructed phylogeny depends mostly on the 

characters used and the definition o f character states, but the choice of options in the 

analysis can also greatly influence the results. These options include weighting schemes 

(a priori or a posteriori as in successive approximations weighting), method o f searching 

for MPR.S and inclusion/exclusion of problematic taxa and/or characters. This discussion 

will be based on the analysis of the full species-level dataset before successive 

approximations weighting because it includes the maximum amount of available 

information and involves fewest assumptions. Due to its better resolution, the strict 

consensus tree based on the analysis with the differential weights is preferred over the 

strict consensus tree of the equal weights approach. Any weighting scheme is arbitrary; 

assigning equal weights is as much an assumption as assigning differential weights to 

characters. In the present case, assigning differential weights reduced the amount of 

ambiguity in the dataset compared to equal weighting. Throughout the analyses, the 

results achieved with differential weighting were more consistent and more stable to the 

exclusion of the quantitative characters.

The genus level analysis was less informative than the species level analysis. 

Problems with this approach are: 1. Lamellibrachia may be paraphyletic. Inclusion of 

paraphyletic taxa may alter the results (Eibye-Jacobsen and Nielsen 1996). 2. 

Paraescarpia echinospica and Obturata n. sp. will probably be placed in the same genus 

(Southward and Gardiner, 1999, pers. comm.). Both show morphological similarity to 

Escarpia-. their distinction from Escarpia is based on the presence of a divided posterior 

vestimental fold. Placing both new species in the same genus would imply that they form 

a monophylum. This would contradict the results shown in Fig. 5.6B.

Even though not all analyses agree, Arcovestia ivanovi is most likely basal within 

the vent clade. The only analysis in disagreement with this is the species level analysis 

with equal weights and excluding .Alaysia spiralis. In this analysis (Fig. 4A), Tevnia 

jerichonana represents a basal branch in the vent clade and Arcovestia ivanovi and Riftia 

pachyptila are sister species. The only support for the Riftia/Arcovestia grouping is the 

shared absence of a crust on the anterior obturaculum. If Alaysia spiralis is included in
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the analysis, however, or if the differential weights are applied, the most parsimonious 

solution is that the absence of a crust is plesiomorphic within the vent clade. Therefore 

Tevnia jerichonana (with crust) is placed in a derived position as the sister species to 

Rifiia pachyptila. The Ri/tia/Tevnia grouping is supported by the presence of excretoiy 

grooves in both genera (Fig. 5.7). This topology was also favoured by all analyses with 

multistate coding. Throughout the analyses, the Riftia/Tevnia and the Oasisia/Ridgeia 

groupings were better supported when the quantitative characters were excluded.

The monophyly of the vent clade is supported by an enlarged obturaculum with a 

dorsal groove, paired excretory piores and the presence of excretory papillae. Three of the 

vent species (^Ridgeia piscesae, Tevnia jerichonana and Riftia pachyptila) also have an 

increased number of branchial lamellae (Table 5.10). An explanation for the increased 

gas exchange area may be found in the different life history strategies of vent- and seep- 

inhabiting vestimentiferans. Vents are ephemeral habitats in which a high growth rate 

and early reproductive output are advantageous (Van Dover 2000). In Riftia pachyptila. 

the vestimentiferan species with the highest number of branchial lamellae, growth rates 

o f more than 85 cm per year (tube length) have been measured (Lutz et a i 1994). High 

growth rates require high bacterial metabolism and thus increased uptake o f dissolved 

gases. Living in an environment in which high sulfide levels alternate with increased 

oxygen levels when vent fluids and ambient water mix, vent vestimentiferans are 

probably able to greatly increase uptake of oxygen, sulfide and carbon dioxide with an 

enlarged number o f branchial lamellae, supporting bacterial metabolism and rapid 

growth. Seep-inhabiting species, on the other hand, grow very slowly (Bergquist et al. 

2000). Seeps are temporally much more stable than vents, favouring slow growih and 

longevity. Sulfide around the plumes of seep-inhabiting vestimentiferans is often not 

detectable. The tubes of seep species extend deep into the sediment. Their posterior 

ends, o f small diameter and thin-walled, represent the major site for sulfide uptake (Scott 

and Fisher 1995). The animals still need to take up oxygen through their branchial 

lamellae but a relatively small gas exchange area in their plumes is apparently sufficient 

to support their slow growth rates. Recent studies show that the tubes of vent-inhabiting 

vestimentiferans are just as permeable to sulfide as tubes of seep-inhabiting species. In
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conditions of low fluid flow, Ridgeia piscesae seems to depend more on sulfide uptake 

through the tube than through the branchial filaments (Urcuyo 2000).

The other characters that support the monophyly of the vent clade are characters 

of the excretory system. It can be argued that an increased metabolism also requires a 

more efficient excretory system to which paired excretory pores and papillae may 

contribute. However, this cannot be tested with anatomical observations alone. It is also 

interesting to note that all species, including Alaysia spiralis, that are exclusively known 

from vents, have an obturaculum with a dorsal groove. The groove splits the obturacular 

halves on the dorsal side in two and may be correlated with the presence of paired 

excretory pores as these lie dorsally at the base of the obturaculum. The number of 

excretory pores is unknown \n Alaysia spiralis, but all other species with a dorsal 

obturacular groove have two excretory pores.

The differentiation of Lamellibrachia columna from the rest o f the 

Lamellibrachia species is based on the presence of growth collars on the tube in the 

derived Lamellibrachia species. However, this character changes frequently over the 

phylogeny and may vary intraspecifically depending on habitat characteristics 

(Southward et al. 1995). Therefore, the distinction between L. columna and the rest of 

the species may be artificial. Successive weighting added resolution to the 

Lamellibrachia relationships: it rendered Lamellibrachia sp. from the Gulf of Mexico as 

the most derived species that shared its most recent common ancestor with the clade 

containing the Escarpia complex and the vent clade. based on the increased number of 

branchial lamellae and an encrusted obturaculum. To present knowledge, there is no 

synapomorphy that would support the monophyly of the genus Lamellibrachia.

Jones' (1985) classification o f Vestimentifera into Basibranchia and 

Anoxobranchia is not supported by the present analyses. Even though Riftia pachyptila 

shows many imique characteristics (Table 5.2, Fig. 5.7), there is no indication that the 

species should be separated from the other species as a distinct class. Jones' (1985) 

designation of Vestimentifera as a phylum separate from perviate Pogonophora is based 

on a number o f questionable characters and can no longer be supported (for a more 

detailed discussion see Chapter 6).
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Comparison with molecular phylogenies

Williams et al. (1993) included seven vestimentiferan species and analysed their 

relationships using parsimony, maximum likelihood and neighbour joining methods. The 

trees were rooted using the two outgroup species Siboglinum fiordicum  (a perviate 

pogonophoran) and Melinna palmata (an ampharetid polychaete). The bootstrap values 

indicate a strong support for the Vestimentifera as a clade and reasonable support for the 

Lamellibrachia clade. Bootstrap values for all other branches are low. The authors state 

that statistical support for the position o f the root is not significantly better than 

alternatives tliat place either Riftia with Lamellibrachia or Riftia as the first lineage to 

diverge (Kishino/Hasegawa test, 98% confidence level).

The Black et al. (1997) analysis includes a larger array of species. If 

Paraescarpia echinospica is included, it forms a branch basal to the Escarpia clade 

(Halanych, unpubl.). I f  Arcovestia ivanovi and Alaysia sp. are included, they group 

together and form the sister group to the clade formed by Tevnia jerichonana and Riftia 

pachyptila (Kojima et al. 2000). At present, Kojima et al.'s data are not available for re- 

e.xamination.

According to the split decomposition and the parsimony splits analyses, 

relationships seem to be slightly less ambiguous with the Black et al. dataset. The 

difference between the results of the analyses of two different sequences may have a 

number of causes, such as different evolutionary histories of the nuclear and the 

mitochondrial genome or convergent evolution as a response to selective pressures.

Taxon sampling can also have a major impact on the outcome of an analysis 

(Winnepenninckx et al. 1998). Even if  the position of the root in Williams et al. (1993) 

cladogram was shifted to the alternative positions, the phylogeny would not be more 

similar to the Black et al. phylogeny. The relationships as reconstructed by Black et al. 

remained stable when Paraescarpia echinospica, Alaysia sp. and Arcovestia ivanovi were 

included (Halanych, unpubl., Kojima et al. 2000). The inclusion of additional sequences 

may or may not change the Williams et al. phylogeny. At the present time, no 28S rRNA 

sequences of other vestimentiferan species are available.

Because of its larger taxonomic coverage and slightly greater reliability, as 

indicated by the split decompostion and parsimony splits analyses, the COl phylogeny is
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better suited for a comparison with the morphological analysis. Overall, there is good 

agreement between the morphological and COl sequence data. The following 

differences and similarities are most noteworthy.

1. There is strong support for a monophyletic Lamellibrachia in the molecular, 

but not in the morphological data. Morphological differences among the Lamellibrachia 

species are too few and in some species too little examined to achieve better resolution in 

the phylogeny at the present stage. The status o f Lamellibrachia in the COl analysis may 

change as more species are sequenced.

2. The Escarpia complex appears as monophyletic in both analyses (although not 

strongly supported by morphological data). Escarpia spicata and Escarpia laminata 

appear as sister species.

3. Both analyses strongly support the monophyletic status of the species 

inhabiting the East Pacific vents. The topology within the clade is not fully resolved with 

morphological data and does not have strong bootstrap support in the molecular analysis, 

but sister group relationships o f Tevnia and Riftia as well as Oasisia and Ridgeia find 

some support in both analyses.

4. The position o f Alaysia differs between the analyses: whereas Alaysia spiralis 

is a basal branch to the Escarpia complex according to the morphological data, Alaysia 

sp. appears as the sister species to Arcovestia ivanovi in one molecular phylogeny 

(Kojima et al. 2000). One possible explanation is that Alaysia sp. and Alaysia spiralis are 

not actually congenerics. It is also possible that the morphological data on Alaysia 

spiralis are not sufficient to determine its position with certainty. Future sampling of 

Alaysia species and morphological and molecular investigations should enable 

researchers to determine its phylogenetic affinities with more certainty.

Phylogeny o f  endosymbionts

The endosymbionts of vestimentiferans can be grouped into two or possibly three 

clades within which DNA sequences are nearly identical (Feldman et al. 1997). One 

endosymbiont clade is found in hosts inhabiting East Pacific vents whereas a second one 

is associated with hosts that colonise sedimented vent or seep sites. A possible third type 

of endosymbiont is found in Escarpia spicata from a whale skeleton. The symbionts are
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of nearly identical genetic makeup over vast geographic distances; Lamellibrachia and 

Escarpia species in the Eastern Pacific seem to host the same endosymbiont type as 

Lamellibrachia columna from the Lau Basin in the Western Pacific.

The results by Feldman et al. (1997) leave room for two conflicting hypotheses.

In a first scenario, endosymbiont evolution is completely uncoupled from host evolution 

and the hosts can live with whichever type of symbiont they encounter at their settlement 

site. The ability to colonise a certain habitat is regulated by environmental factors other 

than the presence of a specific symbiont. This hypothesis would be supported if two or 

more phylogenetically distant vestimentiferan species inhabiting the same area shared the 

same type of symbiont. Examples for such sites are sedimented vent areas such as 

Middle Valley on the Juan de Fuca Ridge (inhabited by Lamellibrachia barhami and 

Ridgeia piscesae), the Lau Basin in the Eastern Pacific (inhabited by Alaysia spiralis and 

Lamellibrachia columna) and the Guaymas Basin vents (inhabited by Riftia pachypt'la 

and Escarpia spicaid). However, Feldman et al. (1997) only sequenced one species from 

each of these sites.

In a second scenario, species differ in their preference for symbiont types. The 

ability to host a specific symbiont (among other factors) enables a species to colonise 

either vent or seep habitats. Sedimented vent sites are an intermediate between cold 

seeps and basaltic vents; both types of symbionts may occur in these areas and allow 

colonisation by different host species. This hypothesis is supported by the fact that Rifiia 

pachyptila from the sedimented vents in Guaymas Basin hosts the same symbionts as its 

conspecifics from basaltic vents of the East Pacific Rise, whereas Lamellibrachia 

columna at the sedimented Lau Basin vents hosts the same symbionts as other 

Lamellibrachia and Escarpia species from cold seeps.

Biogeography

The phylogeny points to an origin of the Vesti menti fera in deep sedimented vent 

sites of the Western Pacific from where a number of radiations may have taken place 

(Fig. 5.10). The ancestral position of Lamellibrachia columna from the Lau Basin within 

the genus Lamellibrachia is supported not only by the morphological data but also by the 

phylogeny reconstructed by Black et al. (1997) (Fig. 5. IB). If Lamellibrachia is
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paraphyletic. as suggested by the morphological data, L. columna is not only the most 

ancestral lineage within the genus, but also the most ancestral vestimentiferan. 

Lamellibrachia has a global distribution and contains the largest number o f species, 

supporting the hypothesis that it is the oldest vestimentiferan genus. Its worldwide 

occurrence probably indicates an old Tethyan distribution.

The basal branch in the clade formed by Alaysia spiralis, the Escarpia complex 

and the vent clade is Alaysia spiralis from the Lau Basin in the Westem Pacific. Even 

though not supported by the tree shown, most of the analyses after successive weighting 

agree that Escarpia and Paraescarpia are paraphyletic and that Escarpia has a more 

derived position. This agrees with the analysis o f cytochrome oxidase 1 (Halanych. 

unpubl.). strengthening the evidence that the Escarpia complex too has its origin in the 

Westem Pacific. Escarpia, like Lamellibrachia, has a wide geographic range, including 

the Western Pacific (Kojimaer al. 1997; Kojima el al. 2000). Eastem Pacific and 

Westem Atlantic (Jones 1985; Sibuet and Olu 1998; Tunnicliffe ei al. 1998).

The clade including Ridgeia, Riftia, Tevnia and Oasisia, also shares its most 

recent common ancestor with a species from the Westem Pacific (Arcovestia ivanovi 

from the Manus Basin). All four genera seem to have localised distributions on basaltic 

and sedimented vents along the Northeast Pacific Ridges {Ridgeia) or on the East Pacific 

Rise (EPR) {Tevnia, Oasisia and Riftia). Their affinities with the species from the 

Westem Pacific raises the question o f how colonisation o f the new habitat, approximately 

7500 km from the site of origin was possible. Today, the absence of a ridge pathway 

between West and East Pacific prevents dispersal o f species from one location to the 

other across the Pacific plate. However, a large percentage of the species in the Westem 

Pacific belong to genera or families also found at Eastem Pacific Vents. In the Mariana 

Trough, this is the case for over 50% o f the species (Hessler and Lonsdale 1991). 

Tunnicliffe and Fowler (1996) invoke historic ridge systems as explanations for the 

similarity of the East and the West Pacific fauna. Magnetic anomalies on the Pacific 

plate indicate the presence of the Pacific-FCula ridge in the early Tertiary, spanning the 

North Pacific in east-west direction between the Pacific plate in the south and the now 

subducted Kula plate in the north. The presence o f a second east-west mid-ocean ridge is 

apparent in the Philippine Sea. The westem extension of what was probably the Pacific-
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North New Guinea Ridge became trapped behind the Philippine subduction zone in the 

late Eocene (Tunnicliffe et al. 1996).

The Northeast Pacific vent faima is most similar to the vent faima from the 

Southeast Pacific (EPR, Guaymas Basin, Galapagos Rift), even though the ridge systems 

are separated by the North American land mass. However, the East Pacific ridge system 

was continuous until approximately 30 my ago when its central part was subducted under 

the North American plate (Tunnicliffe et al. 1996). The separation of the Pacific - 

Farallon Ridge into the Northeast Pacific ridges and the EPR was probably a major 

vicariance event, separating a once continuous fauna into distinct Northern and Southern 

faunas (Tunnicliffe 1988). Ridgeia is now the only vestimentiferan genus in the 

Northeast Pacific, whereas the East Pacific Rise (EPR) vents are inhabited by Riftia. 

Tevnia and Oasisia.

According to present knowledge, vestimentiferans in the Atlantic are restricted to 

seep-inhabiting species of the genera Lamellibrachia and Escarpia. Despite increasing 

sampling efforts, no vestimentiferans have been found at the basaltic vent sites on the 

Northern Mid-Atlantic Ridge (MAR). Today, the only continuous ridge connection from 

the Pacific to the Atlantic is around the south of Australia, along the Southeast Indian 

Ridge, the Southwest Indian Ridge onto the MAR from the South. Faunal observations 

on the Southern EPR. the Southeast and Southwest Indian Ridges and the Southern M.A.R 

are very sparse. As sampling increases, more Vestimentifera may be found in these 

areas. Van Dover (2000) proposes that the Romanche Fracture zone that offsets the 

Northern MAR from the Southern MAR by 935 km and has a vertical relief of 4 km 

represents a major dispersal barrier for vent-inhabiting organisms. This hypothesis will 

be tested as faunal investigations extend to the south o f the fracture zone. The absence of 

vestimentiferans on the Northern MAR may also be attributed to different habitat 

characteristics as the MAR is a slow-spreading centre as compared to the fast to superfast 

spreading EPR. The spreading rate determines ridge crest morphology as well as 

temporal and spatial frequency of venting, which in turn may define barriers for 

colonising organisms.

The relationships between vent and seep fauna have been discussed in the 

literature ever since biological communities have been discovered in these areas
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(Newman 1985; Tunnicliffe et al. 1998; Van Dover 2000). Newman (1985) suggests 

seeps as sources for new immigrants into the hydrothermal habitat. Craddock et al.

(1995) show that this applies to mytilids. However, other taxa such as vesicomyid clams 

and bresiliid shrimp do not show this pattern (Peek et al. 1997; Shank et al. 1999). The 

extant vestimentiferan species seem to have radiated from deep sedimented vent habitats 

and from there colonised seeps and basaltic vents. This contradicts McLean's (1985) 

hypothesis that the vent fauna is derived from shallow-water forms that invaded shallow- 

water vents first and from there spread to deeper hydrothermal sites. Habitat 

characteristics of sedimented vents are in several respects more similar to seeps than to 

basaltic vents: the fauna lives in soft sediment instead of on bare rock, vent fluids are 

diluted and dissolved compounds are more readily available to animals. Several 

vestimentiferan species are able to colonise seeps as well as sedimented vents (Table 

5.1 ). The colonisation of basaltic vents, however, seems to require special adaptations 

that only the species o f the Eastem Pacific vents have acquired.

Evolutionary Age

The relatively low amount of amino acid sequence divergence among extant 

vestimentiferan species suggests that the Vestimentifera as a group diverged within the 

last 100 MY (Suzuki et al. 1993; Black et al. 1997). The estimate is consistent with 

today's distribution patterns and historical pathways by which they may have been 

created. If Lamellibrachia is the oldest genus and its distribution today a leftover from an 

old Tethyan distribution, it indicates an origin of the group in the late Cretaceous to early 

Tertiary.

On the other hand, there is a consistent record of Vestimentifera-like tubes since 

the Silurian in fossil hydrothermal vent assemblages (Little et al. 1998). There are 

several possible explanations for this discrepancy. First, the similarity of the fossil tubes 

to extant vestimentiferans may be purely superficial and the tubes belong to a different 

type of vent-inhabiting tube-dwelling organism extinct today. A second explanation is 

that the fossil data correctly reflect the evolutionary age of vestimentiferans, and the 

molecular data indicate a slowed rate o f evolution rather than a recent radiation. In this 

context it is interesting to note that the evolutionary rate of both molecules on which the
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age estimates are based (hemoglobin and cytochrome oxidase) may be constrained by 

environmental parameters: the hemoglobin of Vestimentifera is unique in its ability to 

bind sulfide in order to ensure efficient transport to the symbionts, to prevent spontaneous 

oxidation in the blood and as a mechanism of detoxification. The cytochrome oxidase of 

vestimentiferans does not appear to be resistant to sulfide poisoning in vitro (Childress 

and Fisher 1992), but the presence of small amounts of unbound sulfide in the blood may 

still require adaptations of the molecule. A third possible explanation is that even though 

the extant species radiated relatively recently, they may be derived from an old lineage 

that has undergone at least one previous radiation and extinction event. This is supported 

by hemoglobin amino acid sequences, which indicate divergence from a polychaete 

ancestor approximately 450 my ago (Suzuki et al. 1993). The hydrothermal vent fauna 

was probably not affected by the Permian and Cretaceous mass extinctions, but may have 

been affected by the global ocean warming and anoxia at the end of the Paleocene/early 

Eocene (Tunnicliffe et al. 1996; McArthur and Tunnicliffe 1998). However, the scope of 

the effect of this event on the hydrothermal vent fauna still remains to be explored.

At the present time, the age of vestimentiferans as a group cannot be inferred with 

certainty. Future studies should use new molecular markers less likely to be constrained 

by the extreme environmental conditions. These markers may enable researchers to 

estimate divergence times with more certainty. The appearance of new fossil data will 

also contribute to a better understanding of the evolutionary history of the taxon.
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Appendix 5: Characters used in phylogenetic analysis

Tube

Collars on tube (col). Tube morphology in Vestimentifera is quite variable, sometimes 

within species (Southward et a i  1995). Some species have conspicuous anterior flared 

openings and more basal collar-shaped rings that represent former openings. Other 

species, like Riftia pachyptila and Escarpia laminata have smooth tubes without collars 

(Jones 1985). In some perviate species collars are present, but are usually less prominent 

than in vestimentiferans. In Sclerolinum, collars are absent (Southward 1972).

Obturaculum/forepart

Obturaculum (obt, sob, flo). The obturaculum o f Vestimentifera is the anteriormost body 

region which supports the branchial plume. It is formed by two symmetrical halves, each 

completely covered with cuticle, but fused in the centre. The obturaculum is unique to 

vestimentiferans. Jones (1981) describes the tissue that fills the obturacular halves as a 

"gelatin-like, semi-solid matrix" (p. 1304). It mainly consists of connective tissue with 

an ample amount of collagen fibrils. Most vestimentiferan species have a solid 

obturaculum that functions as a supporting structure of the branchial plume. An 

exception is the species Arcovestia ivanovi from the Manus Back-arc basin. In this 

species, the obturaculum is rather flimsy (Southward and Galkin 1997). The mean length 

of the obturaculum, relative to the vestimentum varies between 0.22 {Lamellibrachia 

victori) and 1.57 {Riftiapachyptila)

Crust (cru). The anterior face o f the obturaculum in many vestimentiferan species is 

covered by a crust o f cuticle, up to 2 mm thick in Escarpia spicata, with a rough apical 

surface.

Axial rod (axr). The distal parts of the obturacular halves often enclose a cuticular 

structure, lenticular in cross section, that seems to be produced by the medial surfaces of 

the obturacular halves. Cross-sections show a laminate organisation, probably indicating 

periodic addition o f new layers.
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Saucers (sau). In Oasisia and Ridgeia, the axial rod widens at its anterior end and forms 

distinct saucer-shaped structures. The outermost layers of the axial rod form the more 

proximal collars, the inner layers form the most anterior collars.

Spike (spi). In Escarpia spicata and Paraescarpia echinospica the axial rod forms a 

spike that extends beyond the obturacular halves. Its surface is covered with numerous 

small spines.

Dorsal groove in obturaculum/arrangement o f  obturacular musculature (dgr). Some 

species are characterized by an ovally shaped cross-section through their obturaculum. 

others show a distinct dorsal groove in the obturaculum. that gives it a V-shape in cross 

section (Jones 1985) (Fig. 5.11). Adjacent to the epithelium in the obturacular halves, a 

number of muscles strands is located, in large specimens o f Riftia pachyptila up to 500 

(Jones 1981). The number seems to vary greatly with the size of the specimen but they 

are most closely spaced in Lamellibrachia and Escarpia. The muscle strands are actually 

bundles of longitudinal muscle fibres that enclose a central coelomic cavity. Jones 

(1981) describes these muscle strands as rings in parasagittal planes in both obturacular 

halves of Riftia pachyptila. (Jones 1985) uses the orientation of the obturacular ring 

muscles as a taxonomic character to distinguish between the vestimentiferan families; 

whereas the Riftiidae, Ridgeiidae and Tevniidae are characterised by parasagittal planes 

of obturacular ring muscles, the Lamellibrachiidae and Escarpiidae have frontal planes.

A re-examination of the base and the apical area of the obturaculum of eight 

vestimentiferan species using serial cross sections revealed that there are. indeed, 

differences in the orientation of the muscles, as seen at the top of the obturaculum (Fig. 

5.11). However, the "rings" never seem to be arranged in a clearly parasagittal plane. 

Instead they rather show an oblique orientation. At the base of the obturaculum, the 

situation was less clear. Towards the base, the muscle strands become less obvious imtil 

they can hardly be differentiated from the adjacent tissue. They may be inserted at the 

bottom o f tlie obturaculum.

The muscle strands at the outer sides of the obturacular halves are more 

prominent than on the medial side. In the species with a dorsal groove, as showm in
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Figure 5.11: C ross sections through the top o f  the obturacuiuni o f  seven vestiinentileran species; led side show s arrangement o f  
longitudinal m uscles, right side show s orientation o f  "muscle rings", if  detectable. A. Lamellibrachia sp. B. Escarpia laminala. C. 
Ricl(>eia piscesae. D. Arcovestia ivanovi. F. Riftia pachyptila. I . Tevnia jerichonana. ( i. Oasisia alvinae. ar, axial rod; c, cuticle; cr, -
crust; cp, epidermis; Im, longitudinal musculature; ov, obturacular vessel.
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Ridgeia piscesae (Fig. 5.11C), the dorsal extensions may merely be outgrowths of the 

dorsal epithelium, derived from a condition such as in Escarpia laminata. The oblique 

orientation of the "ring muscles" can simply be interpreted as a slightly contorted version 

of the situation in Escarpia or Lamellibrachia. Since the arrangement of the musculature 

is closely linked to the presence of a dorsal groove, it is not included in the analysis as a 

separate character.

Branchial filaments

Branchial lamellae (bla, nbl). The branchial filaments of vestimentiferans are arranged 

in a number of semicircles in which the basal parts of the filaments are fused and form 

branchial lamellae. As shown in Riftia pachyptila, the number o f branchial lamellae 

depends largely on the size o f the specimen (Fig. 5.2B). In a large Riftia pachyptila 

specimen, the number of lamellae was 335 (Jones 1981). Even though there is some 

correlation with size, the available data indicate that in some genera {Alaysia, Arcovestia. 

Lamellibrachia, Oasisia, Paraescarpia and Obturata gen.) the number of branchial 

lamellae is generally rather low. i.e. smaller than 30.

Outer sheath lamellae (Ish). In Alaysia and Lamellibrachia, the outer branchial lamellae 

consist of filaments that are fused for their complete length and do not bear pinnules 

(Jones 1985; Southward 1991). They form a sheath around the inner lamellae consisting 

of only partly fused filaments with pinnules.

Sensory filaments (sfl, dsf). Most of the branchial filaments seem to serve a primarily 

respiratory function. In most vestimentiferan species, except Alaysia spiralis and the 

Lamellibrachia species, some filaments seem to be specialized for a sensory function. 

They lack continuous rows o f multiciliated cells and pinnules. The location o f these 

sensory filaments varies among the species (Gardiner and Jones 1993). Whereas they are 

randomly distributed in Riftia pachyptila, they are concentrated in the dorsal region of 

each lamella or in the distal part of the obturaculum in other species.

Arrangement o f  lamellae and vascularisation (vas). Whereas in most genera the bases of 

the branchial lamellae are at the base of the obturaculum, in Rifiia pachyptila, the



154

lamellae originate along the whole length of the obturaculum. The pattern of 

vascularisation corresponds to the arrangement of branchial lamellae. In Riftia 

pachyptila two branches o f the dorsal blood vessel from which lamellar vessels branch 

off extend along the length o f the obturaculum (axial orientation). In other species, on 

the other hand, the two branches from the dorsal vessel run perpendicular to the 

longitudinal axis of the specimen and the lamellar vessels are restricted to the base of the 

obturaculum (basal arrangement).

Excretory organs

Number o f  excretory pores (exp). In the Vestimentifera, the number o f excretory pores 

may be correlated with the shape of the obturaculum. It seems that species with a dorsal 

groove have two excretory pores whereas those without have only one. Yet the character 

was maintained as separate from the character "dorsal groove" because the numer of 

excretory pores is unknown in Alaysia spiralis and a perfect correlation could thus not be 

shown. Perviates. both Thecanephria and Athecanephria, are characterized by paired 

excretory pores (Southward 1993).

Shape o f  excretory ducts (exd). Most vestimentiferan species with paired excretory pores 

have blind-ending excretory ducts (i.e. presence of excretory sacs), whereas all species 

with single excretory pores have continuous excretory ducts that undergo a sharp bent.

An exception to this is Arcovestia ivanovi with paired excretory pores and continuous 

excretory ducts. Excretory ducts of the perviates are contiunuous.

Excretory grooves (exg). In Tevnia jerichonana and Ridgeia piscesae conspicuous 

grooves are found anterior to the excretor)' pores, formed by the anterior vestimentum. 

Such excretory grooves are absent in all other species included in the analysis.

Excretory papillae (pap). In all vestimentiferan species with paired excretory pores, the 

pores lie on more or less conspicuous papillae which are absent in the species with single 

excretory pores. Distinct excretory papillae seem to be absent in the perviates and

Sclerolinum.
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Cuticular lining o f  distal excretory ducts (cex). In vestimentiferans. the cuticle that 

overlies the outer epidermis, usually extends into the excretory pores and the distalmost 

part of the excretory pores, except in Ridgeia piscesae, Lamellibrachia sp. (Schulze, in 

press) and Lamellibrachia luymesi (Van der Land and Nerrevang 1977; Jones 1985) 

where no cuticular lining o f the distal excretory ducts could be observed. In 

Oligobrachia gracilis a cuticular lining is present, in Siphonobrachia it is absent. The 

situation in Sclerolinum is unknown.

Position o f excretory pores relative to excretory organ (pep). The usual arrangement for 

the excretory system is that the excretory pores lie anterior to or at the same level of the 

excretory organ as in most vestimentiferan species (Schulze, in press) and in all perviates 

(Jones 1985; Southward 1993). In Riftia pachyptila, the excretory pores seem to be 

displaced and are actually found posterior to the excretory organ.

Glandular lining o f  excretory duct (gex). The excretory ducts o f most vestimentiferan 

species are lined with a glandular epithelium except for the distalmost part that leads to 

the excretory pore(s). The only exception is Oasisia sp. where the glandular lining was 

restricted to the excretory sacs. In the perviates, the glandular lining seems to cover most 

of the excretory ducts.

Number o f  connections between excretory duct and excretory organ (con). The 

voluminous excretory sacs are usually cormected to the excretory organ only by a single 

small duct that then branches off to give rise to the excretory tubules. In Riftia pachyptila 

and Escarpia laminata several connections were found. In the perviates and in 

Sclerolinum minor there is only one connection.

Position o f  anterior excretory organ relative to brain (peo). In most vestimentiferan 

species, the anterior extension of the excretory organ lies dorsal and/or on both sides of 

the brain. An exception is Riftia pachyptila in which the anterior extension is located 

ventrally to the posterior extension of the brain. The character is inapplicable for
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perviates because the major concentration of nerve fibres is in the cephalic lobe and 

completely intra-epidermal. The excretory organ is in no direct contact with it.

Vestimentum/anterior segments

Vestimentum (ves). One distinguishing characteristic o f vestimentiferans is the presence 

of a muscular region with dorsal folds that apparently serves to hold the position of the 

animal within the tube. The length of the vestimentum in relation to its diameter varies 

among the vestimentiferan species. Character states were assigned according to Table 

5.9.

Posterior vestimental fo ld  (pvf). In some species, the posterior vestimental fold is 

continuous on the ventral side, in other species, it shows a gap.

Opisthosome

Rows o f  chaetae in opisthosome (cho, chr). The anteriormost opisthosomal segments in 

Vestimentifera and Monilifera bear bands of uncini, whereas only a limited number 

(usually 4 per segment) of rod-shaped chaetae are present in the perviate opisthosome. 

The bands may consist of a single row or multiple rows of uncini.

Total number o f  opisthosomal segments (ops). Perviata and Monilifera generally have a 

lower number o f opisthosomal segments than Vestimentifera (Table 5.11). Among the 

Vestimentifera, the number of segments varies greatly with the size of the specimen (Fig. 

5.2C). Riftia pachyptila clearly has the largest number of segments, but the within-group 

variation is too high and not enough data are available to demarcate character states 

among the species.
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CHAPTER 6 

Affinities between Pogonophora and Polychaeta

Introduction

The idea that Pogonophora are derived polychaetes is not new (e.g. Uschakov 

1933; Liwanow and Porfirjewa 1967), but it has long been overshadowed by the debate 

whether Pogonophora are Protostomia or Deuterostomia. In recent years, the integration 

of the Pogonophora into the Annelida, or. more specifically, into the Polychaeta. has 

received support from different sources of evidence. This evidence includes 

developmental data (Jones and Gardiner 1988. 1989; Southward 1988: Young el al.

1996), cladistic analysis of morphological data (Bartolomaeus 1995. 1997; Rouse and 

Fauchald 1995, 1997), nucleotide sequences of the nuclear elongation factor-1 a  (Kojima 

et al. 1993; McHugh 1997; Kojima 1998), amino acid sequences of hemoglobin (Suzuki 

et al. 1989; Suzuki et al. 1993) and gene order data o f the mitochondrial genome (Boore 

and Brown 2000).

Other analyses, however, do not agree with the Pogonophora being derived 

polychaetes. 18s rRNA rather suggests the Echiura as a sister group to the Pogonophora; 

the Pogonophora/Echiura clade either appears as a sister group to a molluscan clade 

(Winnepenninckx et al. 1995) or to the Ectoprocta (Winnepenninckx et al. 1998). The 

usefulness of elongation factor-1 a , especially the relatively short segment of 346 bp 

used by McHugh (1997), has been questioned by Siddall et al. (1998). Most of their re

analyses of McHugh's data still place the Pogonophora among the polychaetes but one 

places them as the sister group to the crab genus Libinia and another one cannot resolve 

their relationships at all. However, as McHugh (1999) points out, their re-analysis is 

based on a modified dataset that includes third codon positions which were excluded by 

McHugh (1997). The results by Siddall et al. (1998) cannot be critically evaluated 

because no tree statistrcs such as tree length, consistency index, retention index or branch 

support values are stated.

There is widespread support from morphological data that Pogonophora are close 

relatives to, or members of, the polychaete order Sabellida (Liwanow and Porfirjewa
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1967; Bartolomaeus 1995; Bartolomaeus and Meyer 1997; Rouse and Fauchald 1997).

In molecular analyses, taxon sampling is usually limited to a small number of 

representative families which makes the placement o f Pogonophora within the 

polychaetes uncertain. The phylogeny of polychaete families presented Rouse and 

Fauchald ( 1997) is based on the most extensive morphological dataset available in the 

literature today and is comprehensive in its choice of taxa. Therefore, it was used in this 

chapter as the basis for choices o f ingroup and outgroup taxa and extraction o f characters.

In the first part o f this chapter, relationships among the reconstructed ancestral 

vestimentiferan (Chapter 5) and representatives of all known perviate families will be 

analysed in order to reconstruct the character states o f the ancestral pogonophoran and to 

assess the monophyly o f the Perviata. The number o f perviate species described to date is 

over 130 (Southward 2000); ideally an analysis of perviate relationships should cover a 

larger number than included in the present analysis but such a large-scale analysis is 

beyond the scope o f this thesis. By including representatives o f each family, it is hoped 

that the reconstructed ground pattern is stable to the inclusion of additional species in the 

future.
The analysis of a second dataset on the family level is intended to reconstruct the 

relationships among the Pogonophora and the polychaete families included in the 

Sabellida. I used Rouse and Fauchald's (1997) dataset as a basis but modified it by 

including new information on Pogonophora, gained throughout the course o f this thesis 

and by applying a different coding strategy.

As discussed in the previous chapter, a morphological dataset is a statement about 

primary homologies. In this study, assumptions about primary homology were made 

only in cases that could be well substantiated. If there was reasonable doubt about 

homologies, no character state was assigned to the respective family. This procedure 

allows one to hypothesize homologies a posteriori from the phylogeny instead of using a 

priori assumptions, which, if wrong, may lead to erroneous results. The phylogeny is 

also important for the identification of potential pre-adaptations of the polychaete 

ancestors that allowed one lineage to colonise extreme habitats and assume an unusual 

metabolism involving chemoautotrophic symbionts.
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Methods

Taxa included

The initial analysis included the reconstructed ancestral vestimentiferan (see 

Chapter 5), a moniliferan, five perviate species and one representative each of the 

Sabellidae and the Oweniidae (Table 6.1), the latter two as outgroups. The five perv iate 

species were selected to represent all o f the recognised perviate families. Sclerolinum 

minor is a representative o f the monogeneric Sclerolinidae, the only family of the 

Monilifera. The choice o f species in both ingroup and outgroup as family representatives 

was mainly determined by the amount of information available in the literature. 

Oweniidae and Sabellidae have been suggested repeatedly as close relatives to the 

Pogonophora (Liwanow and Porfirjewa 1967; Bartolomaeus 1995, 1997; Rouse and 

Fauchald 1997), therefore one representative species of each {Sabella pavonina and 

Owenia fusiformis) was chosen as outgroup.

A second analysis was performed at the family level. The ingroup consisted of all 

families o f the Sabellida as defined by Rouse and Fauchald (1997): Sabellidae, 

Serpulidae, Sabellariidae, Pogonophora (= Siboglinidae). The outgroups are Terebellidae 

and Spionidae, which are representatives of the Terebellida and Spionida respectively, 

the two clades that, together with the Sabellida, form the Canalipalpata (Rouse and 

Fauchald 1997).

The inclusion o f paraphyletic taxa can cause problems in a phylogenetic analysis 

(Eibye-Jacobsen and Nielsen 1996). In the present analysis, it was assumed that all 

included families are monophyletic. Evidence was provided by Fauchald and Rouse 

(1997). Every analysis, especially when on higher taxonomic levels, may face the 

problem of polymorphisms within the respective taxa to be analysed. If polymorphism 

occurs, the taxa should be assigned the character states present at the ancestral node, i.e. 

in the ground pattern (Wagele 1994). Most characters used in the present analysis were 

unambiguous within the taxa. In two cases, ancestral states (developmental mode in 

serpulids and spionids) were unknown for the species in question. The taxa were scored 

as polymorphic for this character.



Table 6.1 : Species used in initial analysis and their traditional classification

1 6 0

O rd e r F a m ily S p e c ie s R e fe r e n c e s
I n g ro u p

V e s t im e n t i f e r a R e c o n s t ru c te d  a n c e s tra l  
v e s t im e n t i r a n

C h a p te r  5

T h e c a n e p h r ia O l ig o b r a c h i id a e Oligobrachia gracilis 
S o u th w a r d ,  1978

S o u th w a r d  1 9 7 8 , 1993

S ib o g l in id a e Siboglinum ekmani J a a e r s t e n  
1956

J a g e r s te n  1 9 5 6 ; F liig e l a n d  
C a l l s e n - C e n c ic  1993

A th e c a n e p h r ia L a m e l l i s a b e l l id a e Siphonobrachia lauensis 
S o u th w a r d ,  1991

S o u th w a r d  1 9 9 1 , 1993

S p i r o b r a c h i id a e Spirobrachia beklemishevi 
Iv a n o v , 1 9 5 7

Iv a n o v  1963

P o ly b r a c h i id a e Polybrachia canadensis 
( Iv a n o v  1 9 6 2  a s  
Heptabrachia) S o u th w a rd ,  
1969

S o u th w a r d  1 9 6 9

M o n il i fe r a S c le r o l in id a e Sclerolinum minor 
S o u th w a r d ,  1 9 7 2

S o u th w a r d  1 9 7 2

O u tg ro u p

S a b e l l id a S a b e l l id a e Sabella pavonina  S a v ia n y . 
1822

N ic o l  1 9 3 0 ; K o e c h l in  1 9 8 1 ; 
R o u s e  a n d  F a u c h a ld  1997

O w e n i id a e Owenia fusiform is  D e lle  
C h ia je , 1 8 4 2

L iw a n o w  a n d  P o r f i r je w a  1 9 6 7 ; 
R o u s e  a n d  F a u c h a ld  1997
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Characters and coding
Characters for the initial analysis were extracted from various sources. (Tables 6 .1 

- 6.3; detailed description of character states in Appendix 6.1). Autapomorphies were 

ignored. Characters for the family level analysis were mainly extracted from Rouse and 

Fauchald's (1997) dataset, but since Rouse and Fauchald used nominal variable coding 

(see chapter 5), they were recoded for conventional coding (Tables 6.4, 6.5; detailed 

description of characters in Appendix 6.2). Additional characters, not used by Rouse and 

Fauchald (1997) are the excretory pores (single/paired), intraepidermal nerve cord, 

extracellular hemoglobin, spirally grooved nucleus of sperm and a lecithotrophic lar\ a. 

Some character states used by Rouse and Fauchald (1997) were modified, because 

homologies were unclear. The authors suggest, for example, that the cephalic lobe of 

per\ iates is homologous to the prostomium o f polychaetes. No corresponding structure is 

found in adult Vestimentifera and Rouse and Fauchald (1997) suggest that the 

prostomium is fused to the vestimentum, which is a modified peristomium.

Bartolomaeus (1997), on the other hand, obviously interprets the vestimentum as the 

second segment (an alleged synapomorphy o f Pogonophora and Sabellida is "nephridia 

opening in segment 2 (p. 359)". Jones (1985) regards the vestimentum as the third 

segment. As homologies are contentious, Pogonophora are scored with a "?" for the 

characters "prostomium" and "peristomium". A second family level analysis was 

conducted with the inclusion o f larval characters, extracted from Rouse (1999). O f his 

sixteen characters, only four were phylogenetically informative at the level of the taxa 

analysed here (Table 6.6).
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s h o r t c h a r a c te r c h a r a c t e r  s ta te  0 c h a r a c te r  s ta te  1
c h i c h i t in o u s  tu b e a b s e n t p re s e n t

r in r in g s  o n  tu b e a b s e n t p re se n t

c o l c o l la r s  o n  tu b e a b s e n t p re se n t

a p p n u m b e r  o f  a p p e n d a g e s p a i r e d m u lt ip le

f re f re n u lu m  ( =  b r id le ) a b s e n t p re se n t

g ro tr a n s v e r s e  g r o o v e s  in  e lo n g a te d  a n te r io r  
p e r is to m iu m

a b s e n t p re s e n t

d fu d o rs a l  f u r r o w s  in  e lo n g a te d  a n te r io r  
p e r is to m iu m

a b s e n t p re s e n t

p a l g ro o v e d  p a lp s s in g l e  o r  p a i r e d m u lt ip le

iru e lo n g a te d  t r u n k a b s e n t p re s e n t

n r d i f f e r e n t ia t io n  o f  r e g io n s  in  t r u n k a b s e n t p re se n t

m e t m e ta m e r ic  p a p i l la e a b s e n t p re se n t

c u t c u t ic u la r  p la q u e s  o n  m e ta m e r ic  p a p i l la e a b s e n t p re se n t

e p a e n la r g e d  p a p i l la e a b s e n t p re se n t

u n e ro w s  o f  u n c in i in  m o s t  s e g m e n ts  ( m a y  b e  
a b s e n t  in  1 s t)

a b s e n t  in o p is th o s o m e

n u n n u m b e r  o f  u n c in a l  r o w s  w ith in  o n e  b a n d o n e  to  tw o m u lt ip le

e x p n u m b e r  o f  e x c r e to r y  p o r e s o n e tw o

n e p n e p h r o s to m e a b s e n t p re se n t

d ig d ig e s t iv e  t r a c t  in  a d u l t r e d u c e d fu n c tio n a l

s p e s p e r m a to p h o r e s a b s e n t p re s e n t

sg n s p ir a l ly  g r o o v e d  n u c lu s  in  s p e rm a b s e n t p re se n t

e g g la rg e , y o lk y  e g g s a b s e n t p re se n t



Table 6.3: Dataset for reconstruction of the ancestral pogonophoran; 0 - I, character states; x, inapplicable, ?, unknown character state

chi col rin app frc gro dfu Iru rtr met cut cpa une nun exp ncp dig spe sgn egg
Weights 1 1 1 1 1 0.5 0.5 1 0.5 1 0.5 1 1 1 1 1 1 1 1 1

Vestimentifcra 1 0 0 1 0 X X 1 0 0 X 0 0 0 0 0 0 0 1 0
Oligobrachia gracilis 1 0 1 1 1 0 0 1 1 1 0 1 1 1 1 0 0 1 1 1
Sihoglinum ekmani 1 0 1 0 1 0 0 1 1 1 0 0 1 0 1 ? 0 1 1 1
Siphonobrachia laiiensis 1 I 0 1 I 1 i 1 1 1 1 0 1 1 1 I 0 1 1 0
Polybrachia canadensis 1 I 1 i 1 1 1 1 1 1 1 1 1 1 1 ? 0 1 1 0
Spirobrachia bcklemishevi 1 0 0 1 1 0 1 1 1 1 1 0 1 1 1 7 0 1 1 0
Sclerolinuin minor 1 0 0 0 0 0 1 1 0 1 0 0 0 0 7 ? 0 7 ? 1
Sabella pavonma 0 0 0 1 0 X X 0 X 0 X 0 0 0 0 1 1 0 0 7
Owenia fusiformis 0 0 0 0 0 X X 0 X 0 X 0 0 1 1 0 1 0 0 0

On
OJ
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Table 6.4: Characters and character states used in family level analysis (last four 
characters are larval characters)

s h o r t c h a r a c te r c h a r a c t e r  s ta te  0 c h a r a c t e r  s ta te  1
p ro p r o s to m iu m d is t in c t c o m p le t e ly  f u s e d  to  

p e r i s t o m iu m

p e r p e r is to m iu m d is t in c t l im i te d  to  lip s

p a l p a lp s p a i r e d m u l t ip le

p b r p a r a p o d ia l  b r a n c h ia e a b s e n t p r e s e n t

n u c n u c h a l  o r g a n s a b s e n t p r e s e n t

in v c h a e ta l  in v e r s io n a b s e n t p r e s e n t

n p h n e p h r id ia m o r e  th a n  o n e  p a i r o n e  a n t e r i o r  p a i r

e x p e x c r e to r y  p o r e s s in g l e p a i r e d

ien in tr a e p id e rm a l  n e r v e  c o r d a b s e n t p r e s e n t

h e m e x t r a c e l lu la r  h e m o g lo b in a b s e n t p r e s e n t

h u e b u c c a l  o r g a n a b s e n t p r e s e n t

iv b in tr a v a s a l  b o d y a b s e n t p r e s e n t

lec le c i th o tro p h ic  d e v e lo p m e n t a b s e n t p r e s e n t

m e t m e ta t ro c h a b s e n t p r e s e n t

o b f o p p o s e d  b a n d  la rv a l  f e e d in g a b s e n t p r e s e n t

c fg c i l ia te d  f e e d in g  g r o o v e a b s e n t p r e s e n t

te l te lo t r o c h a b s e n t p r e s e n t
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Table 6.5: Dataset for family level analysis, excluding larval characters; 0 - 1 .  character 
states; two character states for one taxon indicate polymorphism; ?, unknown character 
state; all characters were weighted equally (first row); for character abbreviations see 
Table 6.4.

p r o p e r p a l p b r n u c in v n p h e x p ie n h e m b u c iv b lec
W e ig h t s 1 1 1 I 1 I 1 1 1 1 1 1 1

P o g o n o p h o r a n 9 9 0 0 0 1 I I I 0 1 1
S a b e l la r i id a e 1 1 0 1 1 1 I 1 0 1 0 O

S a b e l l id a e I 0 1 0 1 1 I 1 0 0 0 0 I
S e r p u l id a e ! 0 I 0 I I I 1 0 0 0 1 0,1
O w e n i id a e 1 0 I 0 0 0 0 0 1 I I 0
T e r e b e l l id a e 0 1 1 0 I 0 0 0 0 I 1 I 1
S p io n id a e 0 0 0 1 1 0 0 0 0 9 9 0 0,1

Table 6.6: Larval characters; character "opposed band feeding" is subsidiary to the 
characters of ciliary bands and is therefore assigned a weight of 0.5 only; explanation of 
data entries as in Table 6.5.

m e t o b f c fg te l
W e ig h t s 1 0 .5 1 1

P o g o n o p h o r a 0 0 0 1
S a b e l la r i id a e 0 0 0 I
S a b e l l id a e 1 0 9 0
S e r p u l id a e 1 1 1 0
O w e n i id a e 1 1 1 0
T e r e b e l l i d a e 0 0 0 1
S p io n id a e 0 0 0 1
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Analysis
Conventional coding with differential weights was judged to be the most efficient 

and reliable coding method in the phylogenetic analysis of vestimentiferan relationships 

and was the method o f choice for the analyses performed in this chapter. Phylogenetic 

trees were reconstructed with PAUP* (Swofford 1996) using the branch and bound 

method- AutoDecay version 4.0 in conjunction with PAUP* was used to calculate decay 

values (Eriksson 1998). PAUP* and MacClade version 3.05 were used for character state 

reconstructions. Both ACCTRAN and DELTRAN options were invoked and only 

unambiguous characters were considered.

Results

Reconstruction o f  the ancestral pogonophoran

The initial analysis resulted in one most parsimonious tree of length 27 (Fig. 6.1 ) 

(consistency index = 0.667, rescaled consistency index = 0.470, retention index = 0.705, 

homoplasy index = 0.333). The cladogram supports the monophyly of the Perviata, and 

within those, the Thecanephria and Athecanephria as sister groups. Sclerolinum branches 

off at the base of the Perviata clade. The Perviata and the Monilifera together form the 

sister group to the Vestimentifera. An analysis with equal weights resulted in the same 

topology.

The monophyly of the Perviata is well supported by three character state changes 

and the highest decay value in the cladogram. With one exception (association of the 

excretory system with the ventral blood vessel), character states for the ancestral 

pogonophoran could be reconstructed unambiguously. According to this analysis, the 

ancestral pogononophoran had a chitinous tube without rings or collars. A frenulum was 

absent. The excretory system was characterised by a single excretory pore and the 

absence o f a nephrostome. Multiple palps (as tentacles or branchial filaments) were 

present. A long, unsegmented trunk region was present without any specialisations.

Both trunk and opisthosome bore bands of uncini in single rows. The digestive tract was 

degenerated in the adult. Spermatophores were not produced. Sperm had a spirally 

grooved nucleus and eggs were relatively small.
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Perviata

Thecanephria Athecanephria
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?
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ej î>3
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0 -> l
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e g g  0 -> l
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n e p
0 -> l 
n u n
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ir in  0 -> l 
e p a  0 -> l

c o l  0 -> l  
g r o  0 -> ]

d  I
c u t  0 -> l

fre 0 - > l  
r t rO - > l  
u n e  l-> 0

d  I

d  I c h i  0 -> l 
t ru  0 -> l 
d ig  I-> 0  
s g n  0 -> l

a p p  I-X )

m e t 0 -> I

n e p  0 -> l

Figure 6.1; Most parsimonious tree resulting from initial analysis; character state 
changes (right of branches) and decay values (left o f branches) are indicated.
For character abbreviations and descriptions see Table 6.2 and Appendix 6.1.
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Family level analysis
The family level analysis resulted in one most parsimonious tree of length 23 

(consistency index 0.652, rescaled consistency index 0.345, retention index 0.529. 

homoplasy index 0.435) (Fig. 6.2). The topology is identical to the one suggested by 

Rouse and Fauchald (1997). The Pogonophora appear as the sister group to the clade 

formed by the Sabellariidae, Sabellidae and Serpulidae. The Oweniidae form a basal 

branch to this clade. An analysis with equal weights resulted in the same topology.

Three character states for the most recent common ancestor o f the Pogonophora 

with the other families of the clade could not be reconstructed unambiguously. These 

were the presence or absence o f  nuchal organs, intraepidermal nerve cord and 

extracellular hemoglobin. Unambiguous character states suggest that the last common 

ancestor had peristomial palps and a ringlike peristomium to which the prostomium was 

fused. The animal lacked chaetal inversion, parapodial branchiae, buccal organ and 

intravasal body. Its only pair o f anterior nephridia was separate from the gonoducts and 

lead to the exterior by a single, dorsal excretory pore. Development was lecithotrophic.

Family level analysis including larval characters

Analysis on the family level including larval characteristics resulted in three 

MPRs of length 29 (consistency index 0.638, rescaled consistency index 0.526, retention 

index 0.512, homoplasy index = 0.431). The only clade unambiguously supported is the 

sister group relationship o f the Serpulidae and Sabellidae.

Discussion

Preliminary analysis - reconstruction o f  ancestral pogonophoran

Rouse and Fauchald (1997) predicted that the sister group to the Vestimentifera is 

among the Sclerolinum species. This could not be confirmed in the present analysis in 

which Sclerolinum represents the sister group to the perviates. The only synapomorphy 

for the clade formed by the Perviata and Sclerolinum is the presence of metameric 

papillae, not present in Vestimentifera. The position of Sclerolinum in the phylogeny 

may change as more information is gathered on its anatomy. The Perviata are the best 

supported clade in the tree. The inclusion o f more perviate species in the analysis may
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Fig. 6.2: Most parsimonious tree resulting from family level analysis; character state 
changes (right o f branches) and decay values (left o f branches) are indicated.
For character abbreviations and descriptions see Table 6.3 and Appendix 6.2
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alter the relationships within the perviates but their status as a monophyletic group will 

probably remain unchanged.

Rouse and Fauchald (1997) scored Perviates for the presence of paired 

peristomial palps. Irrespective of whether the "palps" are indeed peristomial or not. the 

present analysis suggests that they are multiple in the ground pattern (= all character 

states at the ancestral node of a taxon) of the Perviata and that a reduced number o f 

"palps" such as found in Siboglinum is secondary. Likewise. trans\ erse grooves in the 

forepart appear to be secondary and probably do not represent remnants of segmentation.

Jones (1985) separated Vestimentifera and Perviata as phyla. However, as shown 

in Fig. 6.1 they share a number of derived character states that strongly suggest 

phylogenetic links. Both produce a chitinous tube, have an elongated trunk region with a 

trophosome. a reduced digestive tract and sperm with spirally grooved nuclei. Jones' 

basis for separation o f the two groups were the differences in the anterior body regions, 

the production of spermatophores in perviates but not in vestimentiferans and, most 

importantly, differences in the segmentation of the opisthosome. In vestimentiferans. 

opisthosomal segments are paired whereas they are single in adult perviates. From this 

difference in adult morphology. Jones (1985) inferred a different mode of coelom 

formation in early development. He postulated classical schizocoely for vestimentiferans 

and "total transverse mesodermal splitting" (p. 154) for perviates. However, Soutliward 

(1975) showed that in the perviate Siboglinum fiordicum  the opisthosomal segments also 

develop in pairs, indicating a developmental mode similar to vestimentiferans. Further 

developmental similarities became obvious when newly settled juveniles of 

vestimentiferans were described (Southward 1988; Jones and Gardiner 1988, 1989): in 

both perviates and vestimentiferans, the early settlement stages have tentacle buds on the 

dorsal side behind the prototroch, a septum dividing trunk and opisthosoma and a 

posterior growth region.

Taking all shared characteristics between pogonophorans and polychaetes into 

account, the status of Pogonophora as a separate phylum is not justified; this would 

render the “phylum” Annelida paraphyletic. Yet there are enough morphological traits 

that distinguish Vestimentifera and Perviata. Synapomorphies of perviates are the 

frenuliun, the regionation of the trunk and the absence o f uncinal rows in the
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opisthosome. The production o f spermatophores also distinguishes perviates from 

vestimentiferans, but the character was ambiguous in the present analysis because the 

character state for Sclerolinum is unclear. In contrast to vestimentiferans. the nerve cord 

in the perviate opisthosome seems to be ganglionated. I did not include this character in 

the dataset because it has only been examined in one species (Southward 1975). 

Vestimentifera are characterised by the presence of the obturaculum, the vestimentum 

and branchial lamellae (Chapter 5).

Family level analysis

Despite the use of a different dataset and the modification of character states, the 

outcome of the present analysis is identical to the phylogeny presented by Rouse and 

Fauchald (1997). The anterior portions of the ingroup taxa in the family level analysis 

are shown in Fig. 6.3. Because o f the morphological differences, both a perviate and a 

vestimentiferan are presented.

The inclusion of larval characters leads to a decreased resolution of the 

phylogeny. Interestingly, larval morphology was essential in recognizing that 

Vestimentifera and Perviata are protostomes (Gardiner and Jones 1994), but is poorly 

informative on the level of families. The following discussion is based on the analysis 

excluding larval characters.

Two morphological traits indicate that the vestimentum is not merely derived 

from the polychaete peristomium as assumed by Rouse and Fauchald (1997) (Fig. 6.3). 

First, both perviates and vestimentiferans bear an elongated ventral ciliated field. While 

it is located in the anterior trunk in perviates, it lies in the vestimentum in 

vestimentiferans. In both cases, the ventral intraepidermal nerve cord shows an anomaly 

in this region. While it forms a single trunk throughout most o f the body, it widens in 

this area and forms two major trunks that run around the ciliated field. In perviates, these 

are still joined by a thin layer o f nervous tissue between them (Southward 1993), 

rudiments of which may also be present in vestimentiferans (pers. obs.). In newly settled 

vestimentiferan juveniles, the ventral ciliated field is divided into separate tufts arranged 

in a longitudinal row (Jones and Gardiner 1989) that later fuse. There is no internal 

segmentation associated with the external "segmentation" o f the ciliated field (Gardiner
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B8 '

S a b e i l i d ? ?
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B eesley  et al. (2000). cl, cephalic lobe; fr, frenulum; fp, forepart; mp, metameric papillae; pco, peristomial collar; 
seg 1-3, first to third segm ent; thm, thoracic membrane; vcf, ventral ciliated field; vcs, vestim entum.

lO



173

and Jones 1993). Larvae of perviates also have a ventral ciliated field, but no 

"segmentation" has been reported (Webb 1964; Bakke 1974; Callsen-Cencic and Fliigel 

1995; Southward 1999). However, the large lecithotrophic larvae o f Siboglinum, the only 

perviate genus from which larval stages have been studied thoroughly, may represent a 

derived condition. Developmental studies of perviates with small eggs and presumably 

planktonic development are warranted. If the ventral ciliated field of vestimentiferans is 

homologous to the one in perviates, it is unlikely that it is a merely peristomial structure 

in vestimentiferans while it is clearly not in perviates.

Second, the vestimentum shows a remarkable superficial similarity to the thorax 

o f serpulids. A similar morphological condition (conspicuous dorsolateral folds formed 

by the thoracic segments and an anterior collar) is found in some Ampharetidae (e.g. Fig.

1 in Rouse and Fauchald 1997; Hartmann 1969). In both ampharetids and serpulids, the 

folds are continuous with the collars of the peristomium. In vestimentiferans, there is no 

indication of rudimentary segments in the vestimentum to indicate that it was formed by 

fusion of the peristomium with several of the anterior segments; however, as such 

extensive dorsolateral folds in polychaetes are never formed by the peristomium alone, it 

seems likely that at least one anterior segment contributed to the formation of the 

vestimentum. The paired coelomic (perivascular) cavities and the presence of the heart in 

this region are further support for this hypothesis.

Pogonophora appear as part of a clade characterised by a prostomium fused to the 

peristomium, giving support to Rouse and Fauchald's (1997) hypothesis that in 

Vestimentifera, too, the prostomium is fused to the peristomium. In perviates, the 

prostomium may have secondarily become distinct again as the cephalic lobe. The 

vestimentiferan obturaculum is a paired structure which may be homologous to other 

paired structures in related families. Potential homologues may be the opercular lobes of 

Sabellariids (Fig. 6.3). These are derived from the parapodia of the first segment; their 

notochaetae form the operculum (Fauchald and Rouse 1997).

The elongated trunk region of pogonophorans may be derived from a condition 

similar to the one found in oweniids with elongated segments. It is unclear, however, if 

the trunk is derived from a single, elongated segment or the fusion of a number of 

segments.
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Lecithotrophic development is a character used by Bartolomaeus (1997) as a 

synapomorphy for Sabellida and Pogonophora. All Pogonophora from which 

developmental data are available have lecithotrophic larvae as do all Sabellidae (Rouse 

and Fitzhugh 1994). However, Oweniidae and Sabellariidae, among the closest relatives 

of the Pogonophora have planktotrophic larvae. Apparently, lecithotrophic development 

arose several times convergently within the Sabellida.

Livvanow and Porfiijewa (1967) discuss a number o f similarities between perviate 

pogonophorans and Owenia fusiformis that they use to indicate a close phylogenetic 

relationship. The most remarkable similarity is the presence o f an intraepidermal nerve 

cord in both groups, an unusual feature in polychaetes and obviously a derived condition 

in adults. Other points of similarity between Perviata and Owenia fusiformis discussed 

by Liwanovv and Porfitjewa (1967) are not well substantiated. They mention for example 

the absence of septa in the thorax of O. fusiformis and between the fifth and sixth 

segment. This would indicate a long, essentially imsegmented region similar to the 

perviate trunk. Gardiner (1992) however, using ultrastructural methods, showed that 

thoracic septa are actually present. Furthermore, Liwanow and Porfitjewa (1967) state 

that the gonads in O. fusiformis do not extend into the posterior body region, which 

therefore corresponds to the pogonophoran opisthosome. Yet, the restriction o f gonads to 

anterior body regions is characteristic of many polychaete families (Eckelbarger 1992) 

and cannot be used as an argument in favour of a close relationship of perviates and 

oweniids. Another point is the presence of a vesicular tissue adjacent to the longitudinal 

musculature in O. fusiformis and perviates. In perviates, the "vesicular tissue" may 

actually be the trophosome which had not been described at the time of Liwanow and 

Porfiijewa's study. Gardiner (1992) examined this tissue in Owenia in more detail; it is 

peritonial tissue with inclusions o f lipid droplets and light and electron-dense vesicles of 

unidentified nature. No similar tissue has been found in other polychaetes. However, at 

least in Vestimentifera, the trophosome develops from the gut tissue (Southward 1988), 

not from peritoneal cells and a homology of the vesicular tissue of Owenia and the 

trophosome of pogonophorans is imlikely. A last point mentioned by Liwanow and 

Porfiijewa is the presence o f paired longitudinal rows of multicellular secretory cells in a 

dorsolateral position starting in the first abdominal segment (as defined by the presence
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of gonads) in both perviates and O. fusiformis. These glands are voluminous and produce 

the tube material. Ultrastructural studies of these glands in oweniids are needed to 

support the hypothesis of homology.

Possible pre-adaptations to living in sulfidic environments ?

The structure of the larger vestimentiferan extracellular hemoglobin shows high 

similarities with polychaete hemoglobin. In both groups its quatemaiy' structure is a 

stack of two hexagonal rings of multiple subunits. Subunit weight in Riftia pachyptila is 

15 to 30 kDa, a range similar to annelid hemoglobin. Heme content and amino acid 

composition of the purified fractions are also similar (Terwilliger et al. 1980).

In invertebrates, circulatory hemoglobin is most common among species that 

become exposed to low oxygen levels. Tolerance to sulfide is correlated with tolerance 

to low oxygen conditions. Mud-dwelling species are usually more tolerant than species 

inhabiting rocky or sandy habitats (Weber 1980). The ability to irrigate the tube 

increases access to oxygenated water for the part o f the animal buried in the sand. Both 

Oweniidae and Sabellariidae share the presence o f extracellular hemoglobin with 

Pogonophora (Warren and Dales 1980; Wells et al. 1981; Hutchings 2000). Active tube 

irrigation has not been observed in either of the two families. Owenia fusiformis, an 

inhabitant of sandy beaches below the low tide zone, usually seems to have sufficient 

access to oxygenated water, but may frequently be buried by wave action and has to 

resort to anaerobic metabolism for prolonged periods of time. The species is known to 

survive periods of anoxia of up to 21 days (Warren and Dales 1980). Phragmatopoma 

lapidosa (Sabellariidae) can withstand at least short periods o f burial, turbidity and 

increased sulfide levels (Main and Nelson 1988). The mechanism by which they reduce 

sulfide poisoning is unknown.

Even though pogonophorans show resistance to reduced oxygen levels like 

Owenia fusiformis and to increased sulfide levels like Phragmatopoma lapidosa, 

interpretation on the level of hemoglobin properties is not straightforward. Wells et al. 

(1981) report an unusually high Bohr shift for Owenia fusiformis hemoglobin, indicating 

a strong pH gradient between gills and tissue. The authors suggest that hemoglobin in 

this species may buffer the pH by binding more protons than oxygen released. By
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contrast, both vestimentiferans and perviate hemoglobins show only moderate to low 

Bohr shifts (Childress and Fisher 1992). If tolerance of low oxygen levels and possibly 

elevated sulfide levels (sulfide tolerance of O. fusiformis is unknown) is a pre-adaptation 

to living in reducing deep-sea environments, significant additional changes in 

hemoglobin properties must have occured in the pogonophoran lineage in order to sustain 

their unusual metabolism.

Implications for classification

The phylogenetic affinities of Pogonophora as derived polychaetes of the clade 

Sabellida strongly contradict Jones' (1985) suggestion o f classifying both Perviata and 

Vestimentifera as separate phyla. Rouse and Fauchald's (1997) suggestion to reduce 

Pogonophora to the level of a single family Siboglinidae is at the opposite end of the 

spectrum of systematic ranks previously assigned. The present analysis clearly supports 

the monophyly of both Vestimentifera and Perviata. Separation of the two groups as 

families could be justified in light of the morphological differences between them. The 

Sclerolinidae could be maintained as a third family. However, as the designation of 

taxonomic ranks is to a certain degree arbitrary, it is only of minor relevance whether the 

groups are separated as families or as subfamilies. Once a larger scale analysis of 

perviate relationships has been conducted, a revision of pogonophoran classification is 

required.
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Appendix 6.1: Characters for reconstruction of the ancestral pogonophoran

Tube

Chitinous tube (chi): Chitin content in obturate tubes varies between 24% in Riftia 

pachyptila and 45% in Tevnia jerichonana (Gaiil et al. 1992). Chitin has been detected 

in the tubes o f various perviate pogonophores (Southward 1993). In Siboglinum sp. it 

represents approximately 33% of the dry tube mass. There is no published analysis of the 

tube of Sclerolinum. The tubes of Sabella pavonina and Owenia fusiformis are built of 

mucus and embedded sand grains. Analysis of the carbohydrate portion in the mucus of 

Sabella pavonina did not reveal the presence of chitin (Defretin 1971).

Rings (rin): Tubes of perviate pogonophores are usually of a brownish colour and often 

characterised by a pattern of light and dark rings (Ivanov 1963; Southward 1993: 

Southward 2000)

Collars (col): See Chapter 5 (appendix)

External features of animal

Number o f  appendages (app): The structure of anterior appendages in perviates and 

vestimentiferans is very similar: both bear double rows of cilia and are vascularised by 

afferent and efferent blood vessels located between the exctracellular matrix and the 

muscular layer (Gardiner and Jones 1993; Southward 1993; pers. obs.). The major 

difference between palps of perviates and vestimentiferans is that the pinnules in 

Vestimentifera are multicellular whereas they are formed by single cells in perviates. 

Double rows of cilia are also present in the grooved palps of related polychaete families. 

All polychaete palps, irrespective of whether they are of prostomial or peristomial origin, 

are considered homologous because o f their similar patterns of innervation (Rouse and 

Fauchald 1997). In contrast to polychaete palps, pogonophoran "palps" have no distinct 

groove between the ciliary rows. It is also remarkable that in both perviates and 

vestimentiferans, two blood vessels, an afferent and an efferent one, are present in each
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"palp", whereas there is only one in polychaetes (Nicol 1930; Spies 1973; Fitzhugh 1989: 

Purschke 1993). On the other hand, they develop in a way similar to polychaetes 

(Southward 1988; Gardiner and Jones 1993) and the suggestion of homology between 

polychaete and pogonophoran palps (Rouse and Fauchald 1997) is accepted here.

Forepart with frenulum  (fre): The forepart is a cylindrical body region at the anterior end 

of perviates that bears the cephalic lobe and the branchial filaments. Approximately mid

way on the forepart is a pair of prominent cuticular ridges that run diagonally around it. 

No corresponding structure is found in Vestimentifera. Sclerolinidae show little 

differentiation between forepart and trunk and instead of a bridle there are rows or 

patches of papillary plaques (Webb 1964; Southward 1972).

Transverse grooves in anterior forepart (gro): In some perviate species, the anterior 

portion o f the forepart bears one or more transverse grooves (e.g. Southward 1969, 1991).

Dorsal furrow  (dfu): The anterior portion of the perviate forepart often bears a 

longitudinal groove that usually ends at the level o f the bridle (Ivanov 1963; Southward 

1969; Southward 1991).

Trunk (tru. rtr): A long, unsegmented trunk region, holding the trophosome, is present in 

the Perviata, Monilifera and Vestimentifera. Whereas the trunk region of pers'iates can 

clearly be divided into different regions, the trunks of Monilifera and Vestimentifera 

remain without differentiations. Monilifera show an increased number o f papillae in the 

anterior trunk, but no division into pre-and post-annular regions or regions with enlarged 

papillae.

Metameric papillae (met, cut): Two rows o f pyriform glands on slightly elevated ridges 

are present on the dorsal side of the anterior trunk in Sclerolinum. The presence of a 

ciliated field on the ventral side suggests that these ridges are homologous to the 

metameric papillae in perviates (Southward 1972; Southward 2000). In some species, the 

metameric papillae are topped with cuticular plaques.
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Enlarged papillae (epa): Some perviate species show, just anterior to the girdle region, a 

number of papillae that are larger than any other papillae on the animal's body 

(Southward 1969; Southward 1978). They are accompanied by a ventral ciliated field, 

distant from the ventral ciliated field associated with the metameric papillae.

Rows o f  uncini in different body regions (une, nun): All species included in the initial 

analysis are characterised by the presence of rows o f uncini. These are found in different 

body regions. In Oweniidae and Sabellidae, they are present in all segments, except in 

the first one which does not have neuropodia and in the very last ones that are just being 

formed. In perviates, these are developed in the trunk region and reduced in the 

opisthosome. In Sclerolinidae, rows of uncini are found in both the opisthosome and the 

posterior trunk. In Vestimentifera, they are absent in the trunk, but present in the 

opisthosome. Single rows of uncini are present in each opisthosomal segment in the 

ground pattern o f the Vestimentifera (Chapter 5). Among the perviates, in Oligobrachia 

gracilis. Polybrachia canadensis and Spirobrachia beklemishevi, each girdle is formed 

by multiple rows of uncini. Multiple rows of uncini are also present in each segment of 

Owenia fusiformis.

Excreton.' system

Excretory pores (exp): Perviates have paired excretory pores as does Owenia fusiformis. 

Sabella pavonina has a single dorsal excretory pore. The number in vestimentiferans 

varies (see Chapters 2, 5).

Nephrostome (nep): Among the perviates, Siphonobrachia lauensis is the only species in 

which a nephrostome has unambiguosly been shown (Southward 1993). No nephrostome 

could be detected in Vestimentifera. but is present in both outgroup species. No 

information is available on the excretory system of Sclerolinum.

Digestive svstem

Complete digestive tract in adult (dig): A functional digestive tract (including mouth and 

anus) is absent in all adult Pogonophora.
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Reproductive svstem

Spermatophores (spe): Spermatophores. defined as "bundles of sperm enclosed by a 

sheath or capsule that isolates them from the surrounding environment" (Rouse 1999) (p.

216) are produced by all perviate species known to date (Southward 2000). The situation 

in Sclerolinum is ambiguous: sperm usually seem to be free in the male gonoducts. but in 

one species flat spermatophores may have been present (Southward 2000).

Vestimentifera do not produce spermatophores, but release sperm in clusters (Cary ei al. 

1989; Southward and Coates 1989). No spermatophores are known in Sabellidae or 

Oweniidae (Hutchings 2000; Rouse 2000).

Spirally grooved nucleus in sperm (sgn): Sperm of both perviates and vestimentiferans 

are characterised by a spirally grooved nucleus (Franzén 1973; Southward and Coates 

1989). Sclerolinid sperm have not been examined ultrastructurally. Sabellid and 

Oweniid sperm do not have spirally grooved nuclei.

Large, yolky eggs (egg): Vestimentiferan eggs are spherical and with a diameter of 80 - 

100 pm relatively small (Southward 2000). In perviates, egg size and shape varies 

greatly among the species: Siboglinum eggs are usually elongate and yolk rich (size up to 

650 X 130 pm in S. caulleryi) (Southward 1993). Oligobrachia gracilis eggs are nearly 

500 pm in diameter (Southward 1978). There are no developmental data on Polybrachia, 

Spirobrachia or Siphonobrachia, but eggs are small and probably develop pelagically 

(Southward 2000). Sclerolinum produces large eggs (Southward 2000).
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Appendix 6.2: Characters for family level analysis

External features

Prostomium (pro): In all ingroup taxa (except possibly the Pogonophora), the prostomium 

is completely fused to the peristomium whereas it is distinct in Terebellidae and 

Spionidae (Rouse and Fauchald 1997).

Peristomium (per): In Sabellidae, Serpulidae and Ovveniidae the peristomium is distinct, 

while it is reduced to lips in Terebellidae. Spionidae and Sabellariidae (Rouse and 

Fauchald 1997).

Peristomial grooved palps (pal): Fauchald and Rouse (1997) and Rouse and Fauchald 

( 1997) assume that vestimentiferan branchial filaments and perviate tentacles are 

peristomial grooved palps. In perviates, the tentacles originate from the forepart 

(Southward 1993), in vestimentiferans from the anterior vestimentum (Gardiner and 

Jones 1993). In this study, Pogonophora were scored with a "?" for the character in order 

to take a conservative approach. Even though homology with polychaete palps is 

assumed their anatomical origin cannot be homologised with certainty with the body 

divisions in the related polychaete families.

Parapodial branchiae (pbr): The notopodia of Sabellariidae and Spionidae bear dorsal, 

well vascularised appendages that serve for gas exchange. Parapodial branchiae are 

absent in all other taxa included.

Nuchal organs (nuc): Nuchal organs are chemosensory structures that display a variety of 

morphological forms in polychaetes. Of the taxa considered here, no nuchal organs were 

found in Pogonophora and Oweniidae. In the other families, nuchal organs are ciliated 

pits or grooves at the posterior margin of the prostomium (Storch and Schlotzer- 

Schrehardt 1988; Rouse and Fauchald 1997).
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Chaetal inversion (inv): In Sabellariidae, Sabellidae and Serpulidae abdominal uncini are 

located on the notopodia rather than on the neuropodia.

Excretory svstem

Nephridia (nph): In Sabellidae, Serpulidae, Sabellariidae and Pogonophora there is only 

one pair of anterior excretory organs that is completely separate from the posterior 

gonoducts. Oweniids have one or two pairs of nephridia that probably also serve to 

release the gametes (Goodrich 1945). Both spionids and terebellids have multiple 

nephridia.

Excretory pores (exp): Single dorsal excretory pores are present in the ground pattern of 

the Pogonophora, in the Serpulidae, Sabellidae and Sabellariidae. Excretory pores are 

paired and situated more ventrolaterally in Terebellidae, Spionidae and Oweniidae 

(Goodrich 1945; Bartolomaeus 1997).

Nervous svstem

Intraepidermal nerve cord (ien): In both Perviata and Vestimentifera the nervous system 

is completely intraepidermal (Gardiner and Jones 1993; Southward 1993), whereas in 

most polychaetes it is separate from the epidermis. Oweniidae exceptionally have an 

intraepidermal nerve cord like Pogonophora (Hutchings 2000).

Blood vascular svstem

Intravasal body (ivb): Among the taxa included, an intravasal body is present in 

Terebellidae, Serpulidae and Pogonophora (see Chapter 4). It seems to be absent in 

Sabellidae. Oweniidae and Spionidae. The situation in Sabellariidae is unknown. 

Extracellular hemoglobin (hem): Two types of blood pigments are found in polychaetes: 

red hemoglobin and green chlorocruorin (Rouse 2000). Both usually occur dissolved in 

the blood, but have in some cases also been found intracellularly in addition to the 

dissolved form (e.g. Terebellidae, Weber er al. 1977). Of the taxa studied, extracellular 

hemoglobin (= erythrocruorin) occurs in Pogonophora (Terwilliger et a i  1980, 1987), in 

Sabellariidae (Hutchings 2000), Terebellidae (Terwilliger and Koppenheffer 1973;
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Weber el al. 1977; Friedman and Weiss 1980; Braunbeck and Dales 1984) and 

Ovveniidae (Wells el al. 1981), whereas chlorocruorin is found in Sabellidae (Ouaghi and 

Grasset 1990) and Serpulidae (Potswald 1969).

Digestive svstem

Buccal organ (buc): The buccal organ is the anterior part o f the alimentary canal that is 

derived from the larval stomodaeum. It is characterised by complex folds, musculature 

and glands (Glasby et al. 2000). Among the taxa considered here, it is present in 

Ovveniidae and Terebellidae. The situation in Spionidae is unknown. It is absent in all 

other taxa included.

Developmental mode

Lecithotrophic development (lec): All Pogonophora of which development has been 

studied to date have lecithotrophic larvae. Juveniles develop a transient digestive tract 

only at the time of settlement (Young et al. 1996; Southward 1999). Larvae o f Sabellidae 

(Rouse and Fitzhugh 1994) and Terebellidae (McHugh 1993) are exclusively 

lecithotrophic too. In serpulids, both lecithotrophic and planktotrophic larvae occur 

(Rouse 2000) and it is not clear what the ancestral mode is. The same is true for 

Spionidae (Hutchings 2000). Ovveniidae (Hutchings 2000) and Sabellariidae (Hutchings 

2000) produce free-swimming planktotrophic larvae.

Larval characters

Meiairoch (met): Rouse (1999) defines as "any ciliary band that lies behind the mouth 

but is still presegmental (i.e. lies on the peristomium)" (p. 422). Among the taxa 

considered here, it is reported to be present in Sabellidae, Serpulidae and Oweniidae. 

Gardiner and Jones (1994) suggest that Ridgeia has a metatroch, but this was rejected by 

Rouse (1999), because the cilia are not postoral; he interprets them as merely lining the 

buccal cavity.

Opposed band larval feeding  (obf): This mode of feeding requires a pro to troc h and a 

metatroch creating currents in opposite directions. A ciliated food groove, between
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prototroch and metatroch moves food into the mouth (downstream larval feeding) (Rouse

1999).

Ciliated food groove (cfg): see opposed band larval feeding

Telotroch (tel): A ring of cilia at the posterior end o f the larva. It probably has a 

locomotor)' function.
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CHAPTER 7
Summary

A more comprehensive picture of the evolutionary affinities between vent and 

seep biota emerges as phylogenetic relationships o f animals inhabiting both vents and 

seeps are being examined. Like bathymodiolid mussels (Craddock et al. 1995), 

Vestimentifera seem to have invaded the basaltic vent habitat from sedimented sites.

This trend is not confirmed by bresiliid shrimp (Shank et al. 1999) and vesicomyid clams 

(Peek et cr/. 1997).

Current and historical distribution patterns of vestimentiferans are incompletely 

understood. The geographic origin of the 17 species included in the present analysis 

appears to be deep sedimented vents in the Western Pacific. It is very likely that more 

vestimentiferan species will be recovered as investigations extend to as yet unexplored 

recent and fossil vent and seep areas as well as other reducing marine habitats and will 

provide new insights into the biogeography of the taxon.

Two independent studies using molecular markers (Suzuki et al. 1993; Black et 

al. 1997) indicate a recent divergence of extant vestimentiferan species within the past 

100 my. The descrepancy o f these results to the fossil record that extends back to the 

Silurian (Little et al. 1997) is striking. The present study, even though it cannot make 

any inferences about divergence times, largely confirms the phylogenetic relationships as 

suggested by Black et al. (1997). In the future, the combination of the use of new- 

molecular markers and further exploration of the fossil record are the only possible 

approaches to resolve the conflict between molecular and fossil evidence. Similar studies 

on perviates would also be desirable.

After almost a century o f scientific studies on pogonophorans, the 

protostome/deuterostome debate is finally coming to a conclusion in favour of 

protostome affinities. Interestingly, one of the earliest descriptions of perviate 

pogonophorans already allied them to Sabellida (Uschakov 1933). However, over the 

course of almost 70 years, this view was rejected by many researchers, such as Ivanov 

(1963): "The characteristic appearance of this tubicolous animal, recalling that of the 

sedentary' polychaetes, led Uschakov astray..." (p. 4). Today, there seems to be almost



193

unanimous agreement o f a close evolutionary relationship between pogonophorans and 

polychaetes. Only the Russian literature still refers to pogonophorans as deuterostomes 

(Malakhov e/a /. 1996).

Features indicating affinities of vestimentiferan with polychaets were known 

before the start o f this thesis work and more emerged during its course. These features 

include mainly developmental data (Jones and Gardiner 1988; Southward 1988: Jones 

and Gardiner 1989; Young et al. 1996), segmentation (Webb 1969; Van der Land and 

Norrevang 1975, 1977; Jones 1985). chaetation (Bartolomaeus 1995) collagen structure 

(Gain et £//. 1995); hemoglobin structure (Suzuki e/a/. 1989. 1993) and analysis of 

nucleotide sequence and gene order data (Kojima et al. 1993, 1997; Black et al. 1997; 

McHugh 1997; Kojima 1998; Boore and Brown 2000). Further indication for polychaete 

affinities was provided in this study. Even though the function of the excretory system is 

only incompletely understood, its general anatomy with a single dorsal excretory pore 

and continuous excretory ducts is very similar to the excretory organs in Sabellidae, 

Serpulidae and Sabellariidae (Chapter 2). Chaetal structure in vestimentiferans also 

shows no significant differences to these polycheate families and Terebellidae (Chapter 

3). The vestimentiferan intravasal body is ultrastructurally similar to the heart body in 

polychaetes, suggesting that it may be the site of hemoglobin synthesis (Chapter 4).

Both Perviata and Vestimentifera appear to be monophyletic, but a more 

comprehensive study of perviate phylogeny is required in order to confirm this. The 

Monilifera probably form a basal branch to the perviate clade, but information on the 

internal anatomy of this group is so limited that its reconstructed position in the 

phylogeny has to be regarded as preliminary. Monilifera, with a mixture o f perviate and 

vestimentiferan characteristics, probably come closest to the ancestral form of a 

pogonophoran. Further study of this group would be an important contribution to the 

knowledge about the evolutionary history of Pogonophora.

Previous authors (Jones 1985; Mané-Garzôn and Montero 1986) have regarded 

Vestimentifera unique enough to Justify their status as a phylum. Even if the links to 

polychaetes are recognised and both perviate and vestimentiferans are regarded as 

derived polychaetes, they appear unusual. The unique characteristics are the loss of a 

functional digestive tract and the symbiosis with chemoautotrophic bacteria. Remnants
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of the digestive tract found in early juvenile stages are still present in the adults (see 

Chapter 3). A reduced digestive tract and a symbiotic relationship can be explained by 

the altered selection pressures in the extreme habitats that these worms inhabit. The 

remarkably elongated trunk region is also unusual, but elongated segments are known 

from some polychaete families as well, such as Oweniidae. A thorough analysis of 

different organ systems reveals more similarities than differences to polychaetes.

The names Perviata, Vestimentifera and Pogonophora were used in this thesis 

mostly for practical reasons. Taxonomic ranks were avoided as much as possible. The 

recognition o f polychaete affinities should eventually lead to a revision of pogonophoran 

taxonomy and a classification that reflects evolutionary ancestry.
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Appendix

Vestimentiferans (Pogonophora) in the Pacific and Indian Oceans: a 
new genus from Lihir Island (Papua New Guinea) and the Java Trench, 

with the first report o f  A r c o v e s t i a  i v a n o v i  from the North Fiji Basin

EVE C.S0UTHW ARD\ ANJA SCHULZE^ and VERENA TUNNICLIFFE^

 ̂Marine Biological Association, Citadel Hill, Plymouth PL I 2PB, U.K.
* Department o f  Biology, University o f  Victoria, P.O. Box 3020, Victoria,
B.C., Canada V8W3N5
[Running head: New genus of Vestimentifera]

Explorations by the German Research Vessel Sonne in the fore-arc and back-arc 

basins o f the western Pacific Ocean have collected vestimentiferan tube worms 

from both warm vent and cold seep sites. Edison Seamount is a small volcanic 

cone on the southern flank of Lihir Island, in the Tabar-Feni island chain. Beds of 

vesicomyid clams on the summit (1450 m depth) are associated with 

hydrothermal effluent, whereas an uplifted scarp (1600 m depth) nearby is 

covered by low temperature gas-rich sediments. A methane anomaly has been 

detected in the water column above the scarp. The benthic fauna includes 

vestimentiferan tubeworms and bathymodiolid mussels. Bottom photographs 

show that the vestimentiferans occur singly or in small groups. Four specimens 

were collected by TV-guided grab. They are described as a new species of a new 

genus, related to the cold-seep genus Escarpia, of the family Escarpiidae. A 

single specimen obtained from the landward slope of the Java Trench (1500 m) is 

identified as the same species, extending its area of distribution by some 6.000 km 

westward. Arcovestia ivanovi, already known from hydrothermal vents in the 

Manus Basin, has now been obtained from a hydrothermal site in the North Fiji 

Basin.

KEYWORDS: Pogonophora, Vestimentifera, Obturata, cold seeps, hydrothermal 

vents, benthic invertebrates, biogeography.



198

Introduction
Hydrothermal vents with specialized faunas are not confined to mid-ocean ridges 

but also have a wide distribution at sea-floor spreading centres in the back-arc basins of 

the Western Pacific, including the Okinawa Trough, Mariana Trough, North Fiji, Lau and 

Manus Basins. Vestimentiferan tubeworms have been reported from many of these sites, 

although species distribution appears limited (Tunnicliffe et al., 1998). The fauna at 

vents in the western Manus Basin (Both et al., 1986; Tufar, 1990; Galkin, 1992; Leni ei 

a i, 1995) occurs as two different assemblages: one dominated by large gastropods (Beck. 

1991), the other by clusters of small vestimentiferans (Southward and Galkin, 1997).

Both are symbiotrophic organisms and both assemblages occur on hard (basaltic) 

substrata. Several genera of vestimentiferans have been reported recently from 

hydrothermal sites in the eastern Manus Basin (Hashimoto et al., 1999; Kojima et a i.

2000).

This paper chiefly addresses a new vestimentiferan recovered from the Feni-Tabar 

Island Arc west of New Ireland. Initial work in this area in 1994 located dense colonies 

of vesicomyid clams and other fauna suggestive o f hydrothermal conditions (Herzig et 

al.. 1994). The German research vessel Sonne investigated Lihir Island in the Feni-Tabar 

island chain, some 300 km east of the Manus spreading centre (Fig. Al). Sites of sea- 

floor hydrothermal activity were discovered in 1450 m depth on the top of Edison 

Seamount, a small volcanic cone on the southern flank of Lihir Island (Herzig and 

Hannington, 1995).

In 1998 the Sonne returned to Edison Seamount with the objectives of studying 

hydrothermal alteration, gold deposition and vent fauna (cruise SO-133). Two grab 

samples recovered four specimens of a large vestimentiferan from one site. One specimen 

of the same species has since been found in the Java Trench, in a seep environment at 

1500 m depth (cruise SO 139, Heiko Sahling, personal commimication).

Cruise SO-134 to the North Fiji Basin (Michael Tiirkay, personal communication) 

obtained some different vestimentiferans, a new record of Arcovestia ivanovi some 2,500 

km East o f the type locality in the Manus Basin.
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Figure A l. The Bismarck Sea area and location of the Tabar-Feni Island Chain. Top 
right, detail of bathymetry around Lihir Island, Edison Seamount and Mussel Scarp. 
Depths in m. Heavy lines, spreading centres; * sites of hydrothermalism.
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The new vestimentiferan from Edison Seamoimt shows some resemblance to two 

Escarpia species known from cool seeps in the Gulf of Mexico and the Eastern Pacific 

(Jones. 1985; Black et al., 1997), but it differs sufficiently from both to deserve separate 

generic status, as described below.

Study Site

Lihir Island is the site of active geothermal springs within a giant gold deposit. 

The flanks o f the island host several active volcanic cones. Herzig and Hannington 

( 1995) describe the discovery of submarine volcanism, elevated heat flow and a fauna of 

presumed hydrothermal affiliation. The Tabar-Feni Island chain is part of a fore-arc 

basin structure (Fig. A l). The origin and associated volcanism distinguish this site from 

mid-ocean ridges and back-arc spreading zones sponsoring hydrothermalism. Present 

seismic activity between Lihir and New Ireland suggests extension of the Manus 

spreading centre and break-up of New Ireland (Herzig et a i, 1998b). Such activity could 

support crustal fluid circulation either as deep heated hydrothermalism or shallow 

seepage induced by tectonism. Where fluids are enriched in dissolved sulphides or 

methane, chemoautotrophic organisms may be present.

Edison Seamount lies on the southem flank of Lihir Island. The sedimented 

summit indicates an absence of volcanic activity in recent times. Extensive beds of large 

white vesicomyid clams cap the summit. Southeast of Edison Seamount is an uplifted 

sediment block that was overlain in 1994 by a large methane anomaly in the water 

coloumn (Herzig et a i ,  1998a,b). In 1998 carbonate-cemented muds and gas-rich 

sediments were recovered from this site, “Mussel Scarp”. Grabs obtained dense clumps 

of mussels and the four vestimentiferan specimens.

[Methods

Bottom samples were collected during Sonne cruise SO 133 with a TV-guided 

one-ton grab that allowed precise location of the samples with short-baseline bottom 

navigation. The mud brought to the surface was processed immediately upon recovery . 

Video and still imagery was collected using a camera sled. The camera surv eys were not 

extensive enough to define the local distribution o f the vestimentiferan tubeworm.
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The freshly collected tubes were cut open to expose the animals to fixatives. Three were 

fixed in 4% formol in seawater and one was fixed in 70% ethanol. In the laborator\' the 

anterior ends of the animals were removed from their tubes. One opisthosome was 

removed and stored separately in ethanol. One formol-preserved specimen was dissected 

to investigate the macroscopic structure o f the obturaculum, branchial filaments and 

excretory ducts.

The opisthosome and some fragments of gonads and trophosome were examined 

microscopically without further preparation. A formol-preserved male was used for 

preparation of histological sections: pieces about 10 mm long were taken from a) the 

junction o f the obturaculum with the anterior vestimental region (to study the excretor}' 

organs), b) the Junction of the posterior vestimental region and the anterior trunk (gonadal 

region). The latter was divided longitudinally and only the left side processed. The two 

pieces were rinsed in running tap water for 4-5 h and then left in tap water overnight.

They were then dehydrated in ethanol series to 100%. Embedding was in plastic resin 

JB-4. The specimens were infiltrated in catalyzed JB-4 solution A for 4-5 h at room 

temperature in a rotary mixer and subsequently overnight at 4°C. They were then placed 

into the final resin in plastic embedding moulds sealed with plastic stubs. Polymerization 

was complete after ca. 3 h. The blocks were glued to metal stubs and serial cross sections 

3 pm thick were cut with glass knives on a Sorvall Porter-Blum JB-4 microtome. The 

sections were stained with Toluidine Blue and mounted in Entellan.

For scanning electron microscopy (SEM) the complete opisthosome and small 

pieces of trophosome and gonad were dehydrated in ethanol to 100%. critical point dried 

and coated with gold. Silver paste was used for mounting the specimens on stubs. They 

were viewed with a Hitachi S3500N scanning electron microscope at 10 kV.

Comparisons were made with specimens of 1) Escarpia laminata Jones, collected 

close to the type locality by Dr C. M. Cavanaugh from a cold seep at the foot of the 

Florida Escarpment, Alvin Dive 2542, 3 June 1992; 26°01.8’ N, 84°54’ W, depth 3313 m; 

2) Escarpia cf. spicata Jones, collected by Karine Olu from a cold seep in the Middle 

America Trench, IFREMER Nautimate cruise, 19 Jan. 1994, 18°20’ N, 104°21’ W, depth 

2756 m.
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Class Pogonophora, subclasses Vestimentifera and Perviata

In this paper Vestimentifera (=Obturata) and Perviata {sensu Jones 1981) are 

regarded as subclasses o f the class Pogonophora in order to maintain consistency with 

recent papers describing new vestimentiferan species (Southward, 1991; Southward and 

Galkin, 1997; Southward et a i, 1995). There has been considerable difference of opinion 

about the relationship o f these tubicolous worms to various invertebrate phyla and their 

taxonomic rank. Recently, some authors using molecular data and others using 

morphological characters have placed pogonophorans and vestimentiferans close to or 

within the Annelida or the Polychaeta (Kojima ei al.. 1993; Rouse and Fauchald. 1995: 

McHugh, 1997; Bartolomaeus, 1998; Westheide er a/., 1999). The developmental stages 

of perviates and vestimentiferans are very similar in ciliation, segmentation and 

chaetation and an annelidan relationship is indicated (Southward, 1988, 1999). The use 

of cytochrome c oxidase subunit 1 sequence data led Black et a i, (1997) to surmise that 

annelids may be basal to perviates and perviates basal to vestimentiferans and this is 

largely supported by additional molecular data (Halanych et al.. 1998). Rouse and 

Fauchald (1997) suggest inclusion o f both Perviata and Vestimentifera in a single 

polychaete family Siboglinidae. This view requires a revision of pogonophoran 

taxonomy. Since this has not been accomplished we take a conservative approach to the 

taxonomy.

Subclass OBTURATA Jones 1981 

(Order VESTIMENTIFERA Webb 1969; Phylum VESTIMENTIFERA Jones, 1985;

Class VESTIMENTIFERA Land & Norrevang 1977, Malakhov & Galkin 1998)

Order BASIBRANCHIA Jones 1981 

Family ESCARPIIDAE Jones 1985, amended 

(Amendments are underlined)

Vestimentiferan worms with tapering tubes and bodies; the tubes may or mav not have 

external collars and an anterior funnel: orientation o f major branchial blood vessels basal; 

orientation of branchial lamellae relative to obturaculum axial and parallel; filaments of 

branchial plume o f two kinds, grouped; plume lacking peripheral lamellar sheaths;
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anterior surface o f obturaculum encrusted: median spike or lamella present: internally 

paired excretory ducts with single, medial, external pore; posteroventral margin of 

vestimentum entire or divided: setae of opisthosoma in single to triple rows.

Genus PARAESCARPIA  gen. nov.

Stout obturaculum, with anterior surface crust and a thick median spike, obturacular stalk 

elliptical in cross section; anterior branchial filaments smooth surfaced, the remainder 

pinnulate; one excretory pore; posterior vestimental fold split medially; opithosomal setae 

in irregular single to triple rows. Tube with wide anterior funnel and a series of collars.

Paraescarpia echinospica gen. nov. sp. nov.

(Figs. A2 - A7)

Material examined

PS Sonne-, cruise SO-133; 1 km SE of Edison Seamount; 03*̂  19.4' S. 152̂ ^

35.5' E; depth 1600 m; 26 July 1998; Grab 44GTV, mussel clump, 1 specimen: Grab 

45GTV, sediments near mussel clump, 3 specimens.

PS Sonne, cruise SO-139, Java Trench, Sample lOOKD; 06° 25.01' S, 104° 

49.53’E; depth approx. 1100-1550 m; 25 Feb. 1999; Chain-Bag Dredge, one specimen. 

Types

HOLOTYPE: female (specimen # 4) from SO-133 45GTV; PARATYPES: 2 specimens 

from SO-133 45GTV and 1 from S0133 44GTV.

[To be decided: 3 to Senkenberg Institute and one to Smithsonian?]

Type locality

Edison Seamount, Lihir Island.

Description

Edison Seamount specimens

Three of the tubes have a segmented anterior region with large funnel-shaped 

collars or flanges at the anterior margins of the segments (Pigs. A2, A3, Table A l). The 

anteriormost fuimel is particularly wide (20 to 25 mm). Below the segmented region, the 

tube is smooth surfaced and about 10 mm diameter, tapering gradually to about 5 mm and
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Figure A2. Two sea-floor photographs taken at “Mussel Scarp,” showing flanged 
Paraescarpia echinospica tubes projecting from muddy sediment. Note: the obturaculum 
and spike projecting from some tubes in lower photograph, stalked cirripedes attached to 
tubes, long thin tubes of unidentifled polychaetes, oval empty shells of vesicomyid 
bivalves. X X, scale o f 10 cm, indicated by two laser beams. Double shadows are 
produced by two lamps.
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Figure A3. Paraescarpia echinospica gen. nov., sp. nov.: (A), young tube (# 1) without 
funnel or collars; (B), tube (# 2) with anterior funnel, subsequent collars, narrower mid 
region and start o f  very narrow posterior region; (C), anterior end o f animal from tube D, 
showing short spike, obturaculum, plume, vestimental folds and anterior trunk in dorsal 
view; (D), anterior region o f tube (# 4) with wide anterior funnel and several attached 
cirripedes, Neolepas sp. Scales: A, B, D, 100 mm; C, 10 mm
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Table A l. Dimensions of Paraescarpia echinospica sp. nov. gen. nov. (type material)

Measurement (mm) Specimen #I Specimen #2 Specimen #3 Specimen #4
TUBE
anterior diameter 10 12 13 14
top funnel diameter - 20 25 20
number o f funnels 0 5 7 5
posterior diameter 2 1 1 1
length >62 >570 > 1000 >1120
OBTURACULUM
diameter 10 9 10 11
length 15 15 22 20
PLUME
length 10 8 14 15
VESTIMENTUM
length 40 50 53 70
diameter 10 9 10 10
TRUNK
length incomplete incomplete 690 incomplete
OPISTHOSOMA
length - - 1.5 -
diameter - - 0.5 -
SEX Male Female 7 Female
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then more rapidly to about 1 mm. The thin wirelike posterior region of the tube (Fig. 

A3B) continues for a considerable distance. 400 mm in one specimen. The segmented 

anterior part is colonised by stalked barnacles (Fig. A3B, C), polychaetes and, 

sometimes, byssus threads of mussels, whereas the smooth posterior part is clean. In situ 

photographs show the anterior ends of tubes standing above the sediment while the 

posterior parts appear to be buried in the sediment (Fig. A2). The tubes are brownish 

buff in colour, with dark lines at the segment boimdaries. The tube walls are stiff, 

multilayered and difficult to cut.

The fourth tube is white and about 10 mm in diameter anteriorly, with a clean 

surface and small overlapping increments near the top (Fig. A3A). It is at an earlier stage 

of growth than the other three tubes and lacks their characteristic funnels. The animal 

inside is the only male.

The only complete animal was 720 mm long, in a tube more than I m long. Its 

opisthosoma lay within the narrow posterior part o f the tube.

Among the four specimens the obturaculum ranges in length from 15 to 22 mm; 

the diameter is half to two-thirds the length (Table A l; Fig. A4A, D). The anterior 

surfaces of the obturacular halves are covered by a brownish cuticular crust about I mm 

thick (Fig. A4D). Sections show that the surface is a rough pavement of small blocks, 

each made up of multiple thin columns (Fig. A4C), whereas the basal 200 pm of crust is 

colourless and multilayered.

The obturacular surfaces surround a thick, yellowish-brown spike, secreted by the 

epidermis posterior to the encrusted region (Fig. A4A, D); most of the spikes are broken 

off short, but the one complete spike tapers to a sharp point and is 20 mm long (Fig. A4. 

A). The maximum spike diameter is 8 mm. The spikes are made o f cuticular material 

containing fine fibres that run outward from the centre to strong spines on the surface. 

Transverse sections o f the spike show parallel waves in these fibres, giving the 

appearance of iridescent zones (Fig. A4B). The top of the obturaculum is cylindrical, 

while the stalk is elliptical in cross section (Fig. A4D). The filaments making up the 

anterior 5 to 7 branchial lamellae are straight and smooth, without pinnules (Fig. A5A). 

The major part of the plume is composed of thinner, pinnulate, filaments with short, 

curled tips forming a velvety surface layer. Their oval pinnules are extremely small (Fig.
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Figure A4. Paraescarpia echinospica gen. nov., sp. nov.: (A), dorsal view of anterior end 
(# I) with complete spike, obturaculum and branchial plume: af, anterior filaments, co, 
collar, cr, crust, pf, posterior filaments; (B), tranverse section o f spike (# 4); (C), vertical 
section of crust: ep, epidermis o f  obturaculum (# 4); (D), vertical section of anterior end 
(# 4) showing left and right halves o f obturaculum and broken spike: af, anterior 
filaments; co, collar; cr, crust; ep, epidermis o f obturaculum; ex, excretory duct; pf 
posterior filaments; sp, spike. Scales: A, B, D, 5 mm; C, 1 mm.
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A5B). The proximal parts o f the filaments adhere to one another, lying parallel to the 

axis of the obturaculum and the thickness of the base of the plume is increased by many 

rows of short filaments, within the collar folds (Fig. A4D. A5C). The vestimental region 

is 50 to 70 mm long and the lateral vestimental folds terminate midventrally. without 

fusing, behind the ventral ciliated field (Fig. A3C, A5D).

The long trunk becomes very narrow posteriorly. It bears numerous epidermal 

papillae, of two types, the smaller ones topped by plaques and the larger ones without 

plaques (size range 50 - 80 pm). The papillae on the vestimental region are about 100 

pm diameter and are topped by plaques about the same size. All the plaques are oval and 

colourless, with raised anterior margins (Fig. A5E, F).

The opisthosoma has about 15 chaetigerous segments (Fig. A6A). cany ing 

irregular, single to triple rows o f chaetae. The heads of the chaetae are 7 to 9 pm long. 4 

pm wide, with a small anterior group of 2 to 3 teeth and a larger posterior group arranged 

in 3-4 rows (Fig. A6B).

Specimen from the Java Trench

When first collected the tube was thought to be a bamboo stick. The preserved 

material consists of a vertical slice of the anterior end of the tube, plus the anterior 65 mm 

of the animal. The tube has a spreading anterior funnel and three more well-marked 

collars, each 7 - 8  mm long on the 65 mm long fragment. The animal has an obturaculum 

about 15 mm long, 10 mm diameter, with a brown crust and a massive brown spike, 

elliptical in cross section, 20 mm long, broken anteriorly, and 4 - 6  mm diameter. The 

surface of the spike is covered with spines. The plume of branchial filaments is shorter 

than the obturaculum; there appear to be anterior smooth filaments and posterior 

pinnulate filaments, but their condition is poor. The vestimental region is 47 mm long 

and 11 mm wide and the posterior vestimental fold is split, as in the Edison Seamount 

specimens. There is no obvious difference from the Edison Seamount specimens, but the 

animal and tube are incomplete.
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Figure AS. Paraescarpia echinospica gen. nov., sp. nov.(# 1): A, B, tips o f branchial 
filaments, smooth and pinnulate; C, ventrolateral view o f anterior vestimental region, 
showing collar folds and narrow anterior end of ventral ciliated band; D, ventrolateral 
view o f posterior vestimental region, showing mid-ventral split in posterior vestimental 
fold and wide posterior end of ventral ciliated band; E, cuticular plaque from vestimental 
region; F, cuticular plaque &om trunk. Scales: A, B, 100 pm; C, D, 5 mm; E, F, 50 pm.
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Figure A6. Paraescarpia echinospica gen. nov.. sp. nov., scanning electron micrographs: 
(A),  opisthosoma (# 3); (B), opisthosoma] chaetae; (C). symbiotic bacteria in cells of the 
trophosome (arrow marks cell membrane); (D), spermatozoa in genital duct (# 1 ).
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Internal anatomy o f  Edison Seamount specimens
The excretory system is in the anterior part of the vestimental region. There is a 

fused medial excretory organ, consisting of small branching tubules, extending from the 

dorsal area of the brain anteriorly to the sinus valvatus posteriorly, penetrated by the 

paired obturacular vessels and their perivascular cavities. There is no obvious connection 

between the perivascular coelom and the excretory organ. Two large excretory ducts 

drain this medial organ, running first posteriorly and then turning to run anteriorly, dorsal 

to the brain. The ducts unite just before reaching a single, slit-like excretory pore, 

opening dorsal ly close to the narrow base of the obturaculum. (Fig. A7).

In the trunk, the lobes o f the trophosome surround the reproductive organs, as a 

brownish to blackish tissue. Its cells are filled with globular bacteria, those observed by 

SEM vary in diameter from 1.5 to 3 pm (Fig. A6C).

The gonoducts of the female, found by dissection, lie dorsal ly in the paired trunk 

coeloms and open through gonopores into the dorsolateral grooves of the vestimental 

region, some 10 mm in advance of the hind ends of the vestimental folds. The largest 

oocytes in the oviducts are about 150 pm in diameter. In the male, as revealed by light 

microscope studies of histological sections, external genital grooves are present but are 

short and shallow and are lined by glandular tissue which appears to be the same as that 

which covers the entire dorsal vestimentum. There are no prominent genital ridges. The 

male gonopores are near the posterior ends of the vestimental folds. Sections of the left 

side of the trunk show that the distal genital duct is lined by a densely ciliated glandular 

epithelium. Its lumen is filled with globular secretions and sperm. Posteriorly it joins the 

left central seminal channel.

The proximal genital duct is lined with a strongly folded ciliated epithelium 

without any obvious gland cells. From the anterior seminal channel, sperm sacs extend 

anteriorly, filled with clusters o f sperm. The sperm have spirally grooved nuclei about 27 

pm long (Fig., A6D).
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Figure A7. Paraescarpia echinospica gen. nov., sp. nov., schematic arrangement of the 
organs in the anterior vestimental region, lateral view; ap, anterior process o f excretory 
organ; apv, afferent plume vessel; hr, brain; dbv, dorsal blood vessel; ed, excretory duct; 
eo, excretory organ; ep, excretory pore; epv, efferent plume vessel; h, heart; ov, 
obturacular vessel; sv, sinus valvatus; vbv, ventral blood vessel.
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Comparison with other species
Escarpia spicata and E. laminata both have crusted obturacula and E. spicata has 

a central spike, rather thinner than that of the new species. E. laminata has a thin median 

plate (Jones, 1985). Both have anterior branchial filaments without pinnules and posterior 

filaments with pinnules, a single excretory pore and no dorsal groove on the obturacular 

stalk (Table A2). The chief character differentiating the new species from £. spicata and 

E. laminata is the split posterior vestimental fold and this is the character that 

distinguishes the new genus Paraescarpia.

A  wide gap in the posterior vestimental fold occurs in all Lamellibrachia species 

(Webb, 1969; Southward, 1991; M iurae/^/., 1997) huilhe germs Lamellibrachia is 

distinguished from Paraescarpia by its special lamellar sheaths around the branchial 

plume (Table A2) and by the smooth anterior surface of its obturaculum, without crust or 

spike. The other vestimentiferan genera have a continuous posterior vestimental fold, but 

studies of the formation of vestimental folds in juvenile Ridgeia piscesae and Riftia 

pachyptila show that the lateral folds form first, the collar folds next, and the posterior 

ends of the lateral folds later fuse to form the ventral fold (Southward, 1988; Jones, 1988: 

Jones and Gardiner, 1989). Thus, Paraescarpia and Lamellibrachia show incomplete 

development o f the vestimental folds, in comparison with the other genera.

Collars on the tubes o f  many vestimentiferan species vary considerably in size 

and frequency, notably in Ridgeia piscesae (Southward et a i, 1995). The three larger 

tubes of Paraescarpia echinospica have a wide anterior funnel followed by a series of 

wide collars (Fig. A3B, D), while the lack of any funnel on the smallest tube (Fig. A3 A) 

shows that funnels are initiated at a late stage in tube growth. Escarpia laminata and E. 

spicata lack collars on the tube at any size (Jones, 1985). Most Lamellibrachia species 

have collars of some sort, with the exception of L columna, so the presence or absence of 

collars need not be a generic character.

The morphology of the excretory organs has been investigated in several 

vestimentiferans (Schulze, in press) and certain distinctions have been noted between 

genera, particularly in the topology of the excretory ducts. Paraescarpia echinospica has 

looped excretory ducts and a single excretory pore, as do Escarpia and Lamellibrachia 

species.
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Table A2. Characteristics of vestimentiferan genera

Genus
Character

Lam Esc Par Ala Tev Oas Rid Arc Rif

Branchial blood supply
basal + + 4- 4- 4- + 4- -

axial - - - - - - - -

Outer sheath lamellae
present - - 4- - - - - -
absent - 4- - 4- 4- -r

Distal filaments
with pinnules H- - - 4- 4- 4- 4-

without pinnules - + 4- - - - - - -

Obturaculum
solid 4 - + 4- 4- 4- 4- 4- - 4-

flimsy - - - - - - - 4- -

Obturaculum face
with saucers - - - - - 4- 4- - -

with axial rod/lamina - + 4- - 4- 4- 4- - -

with crust - 4- 4- - 4- - - - -

Obturaculum stalk
with dorsal groove - - - 4- 4- 4- 4- - r 4-

with dorsal ridge 4“ 4- 4- - - - - - -

Excretory pores 1 1 1 9 2 2 2 2 2

Posterior vestimental fold
complete - 4- - 4- *r 4- 4-

Genera: Lam, Lamellibrachia; Esc, Escarpia; Par, Paraescarpia; Ala, Alaysia; 

Tev, Tevnia; Oas, Oasisia; Rid, Ridgeia; Rif, Riftia.
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We place the new genus Paraescarpia in the Escarpiidae, and the diagnosis of 

this family has been widened to include Paraescarpia and Escarpia (p.-).

Etymology
The generic name Paraescarpia is derived from para (Latin) meaning like, and 

Escarpia, an existing generic name (Jones, 1985). The specific name echinospica is 

descriptive of the remarkably spinous surface of the obturacular spike, from echinus 

(Latin), a hedgehog and spica (Latin), a spike.

Copepod parasites

Numerous copepods occur on the branchial filaments of P. echinospica from 

Edison Seamoimt and the Java Trench. They are most common on the basal 2 mm of the 

plume, where the filaments are partly enclosed by the collar folds. The siphonostome 

copepods belong to the family Dirivultidae and represent a new species, Dirivultus 

spinigulatus Humes 1999. The only congener is Dirivultus dentaneus Humes & Doriji 

1980, an inhabitant o f the branchial plume o f the vestimentiferan Lamellibrachia 

barhami Webb.

Ecology

Seafloor observations showed that only one of the volcanic cones around Lihir 

Island, Edison Seamount, hosted anomalous communities. The clam beds on the summit 

were colonized by many species allied to vent fauna found elsewhere in the western 

Pacific (pers. obs. VT). Despite the apparently rich source of reducing compounds to 

sustain these communities, Paraescarpia echinospica was neither collected nor observed 

on the cone summit. Instead, it was located about 1 km to the south-east on a north-south 

trending scarp. A camera tow produced 15 images, mostly contiguous, in which 

vestimentiferan tubes were visible (see Fig. A2). This track distance was about 200 m. 

The substratum was mud but occasionally a hard surface projected. One grab (44GTV.^) 

collected indurated carbonates penetrated by apparent gas holes. Two sediment cores in 

this vicinity had escaping gas, gas holes and strong odours; a calcareous cemented layer 

occurred below 1 m depth (Herzig et al., a, b).
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In several o f the photographs, more than ten vestimentiferans could be seen, but 

maximum densities were about 5 individuals m’“ (Fig. A2). Most animals in clear images 

extend a red plume and obturaculum or are retracted with an obturacular spine still 

observable in the tube top (Fig. A2). Of the approximately 100 tubes seen, only a couple 

were obviously decaying. The projecting part of the tube was usually 10 to 20 cm long, 

occasionally only 1 to 2 cm. Tubes varied in colouration and in degree of flanging.

While they were usually solitary, groups of four or five closely positioned individuals 

were seen.

Vesicomyid clam shells were visible, all dead, in most images with P. 

echinospica. Burrowing animals had thrown up patches o f blue-black sediment, which 

contrasted with the homogeneous light brown seen in images without clams or 

vestimentiferans. The most common associate of P. echinospica was a tubicolous 

polychaete seen as thin 10 cm long tubes in the sediment (Fig. A2). This appeared to 

have a slightly broader distribution than the vestimentiferan. Another common associate 

was a stalked barnacle, a species of Neolepas (A.J. Southward, pers. comm.), settled on 

the vestimentiferan tubes. The barnacles were so dense that they almost entirely 

obscured the tubes in the images (Fig. A2, Fig. A3D). Other hard substratum for the 

barnacles appears to be limited. Collected vestimentiferans were not obviously attached 

to any hard object and the straight tubes continued deep into the sediment. Grab 

44GTVA included a large chunk o f cemented carbonate that was covered with hundreds 

of mussels of three species that are similar to species of Bathymodiolvs found at cold 

seeps and vents elsewhere in the Pacific. One P. echinospica was buried in the sediment 

next to this clump.

Family ARCOVESTIIDAE 

Gcmis ARCOVESTIA Southward and Galkin 1997 

Arcovestia ivanovi Southward and Galkin 1997

Material: Cruise SO-134 to the North Fiji Basin: Sample 33GTVA, 16° 59’

27.24” S, 173° 55’ 00.96”E; depth 1996 m; TV grab, many juveniles; Sample 

35GTVA; 16° 59’ 25.56 ” S; 173° 54’ 49.14” E; depth 2002 m; TV grab; many tube
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fragments, about 12 occupied; Sample 99GTVA, 16° 59’ 29.16” S; 173° 54 54.60 E; 

depth 1999 m; TV grab, several tube fragments, 2 occupied.

Description

Tubes sinuous, bases attached to fragments o f basalt. Diameter 0.6 to 1.3 mm, 

colour pinkish, semitransparent, with narrow, slanting collars. Animals with obturaculum 

narrow, unadorned, shorter than plume o f branchial filaments.

Comments: There is no obvious difference, except in size, between these Fiji Basin 

specimens and those from the Manus Basin. The type material, from the western basin, 

had a maximum tube diameter of 4 mm (Southward and Galkin. 1997). Even larger 

specimens, 7 to 8 mm tube diameter, were collected in 1996 and 1998 at the DESMOS 

site in the eastern Manus Basin (courtesy of Jun Hashimoto o f the Marine Ecosystems 

Research Department, JAMSTEC, Japan; for description o f the site see Hashimoto ei 

a/.. 1999).

The ecology of hydrothermal vents in the Fiji Basin was described by 

Desbruyères et a i,  1994. One site, “White Lady”, had hot vents with associations of 

gastropods and mussels, while vestimentiferans were seen only at “Mussel Valley” some 

distance to the south, cooler, and at a greater depth (18° 49’ S, 173° 29’ E, 2700 m depth). 

Whether or not these were Arcovestia is unknown. The present Arcovestia ivanovi were 

collected in the vicinity o f the “White Lady” site. The Fiji Basin is some 2500 km east of 

the Manus Basin, and the only intermediate hydrothermal site is the Woodlark Basin, 

which has not yet yielded any hydrothermal fauna. Affinities among the Manus. Fiji and 

Lau Basin hydrothermal faunas have been noted in other animal groups, (Galkin. 1997; 

Hashimoto et a i,  1999).

Discussion

It is unlikely that we have sampled the full habitat range for Paraescarpia 

echinospica around Lihir. If the single specimen from the Java Trench, more than 6,000 

km west of Lihir, is indeed the same species, then Paraescarpia echinospica may inhabit 

cold seep habitats elsewhere in Indonesia and the south-west Pacific.

It is possible that the habitat around Lihir is fundamentally different from warm 

vent habitats. We know little of the temperature or dissolved gas concentrations around
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P. echinospica. Bottom temperatures nearby were around 2.6 °C with no suggestion of 

hydrothermal plumes. A large methane anomaly at 1600 m depth was centred over this 

site in 1994 and the pore fluids in grab 45GTVA were enriched in methane (Herzig et al.. 

1998 a, b). The scarp is a tectonic structure as part of a north-south fault. Thus methane 

may be a major reducing compound supporting the chemosynthetic assemblages and 

causing carbonate cementation. Hydrogen sulphide is also present. Whether the faunistic 

difference between the clam beds atop Edison Seamount and the vestimentiferans and 

mussels on Mussel Scarp is the result of differences in the dissolved gas concentrations 

requires further study.

Paraescarpia echinospica is large compared with other vestimentiferans of the 

western Pacific, but it does not occur in the dense clusters recorded at East Pacific R'se 

vents, the seeps o f the Gulf of Mexico, or off Japan. Growth rates measured in two 

species of seep tubeworms in the Gulf of Mexico by Fisher and co-workers indicated that 

Lamellibrachia sp. averaged about 2.5 mm anterior tube growth per year while most 

individuals o f an escarpiid (unnamed) did not grow at all (Fisher et a i, 1997; Bergquist et 

al., 2000). These authors estimate ages of 175 to 250 years for tubes >2 m long. Much 

faster growth was achieved by lamellibrachiids that grew in the rotting cargo of a ship 

sunk off Vigo (Spain) in 1979. In the 12 years between the time of the shipwreck and the 

time of recovery they achieved >1 m tube length, i.e. at least 80 mm per year, in 

conditions of high sulphide concentration and a temperature of approximately 11" C 

(Dando et al., 1992). More information about the habitat of Paraescarpia echinospica is 

needed before we can speculate about dissolved gas requirements and growth 

characteristics.

Recent exploration of hydrothermal sites in the eastern Manus Basin has revealed 

Escarpia-\\]/ie, Lamellibrachia-likc, Ridgeia-Uke and Alaysia-Wke species (Hashimoto et 

a i, 1999), in addition to Arcovestia ivanovi (Southward and Galkin, 1997). now found to 

occur in the Fiji Basin also. Lamellibrachia columna and Alaysia spiralis were described 

from the Lau Basin (Southward, 1991).

Kojima et al. (2000) have made a phylogenetic study, using COl sequences, of 

some vestimentiferans from the Manus Basin and earlier data for species from other parts 

of the Pacific (Black et a i , 1997; Kojima et al., 1995). They see close similarities
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between Escarpia (termed E2) from the Manus Basin and from Japan. These "'Escarpia" 

live at depths of 1200 - 1600 and 1700 - 1900 m, respectively, while Paraescarpia 

echinospica lives at a similar depth (1600 m) at Lihir and in the Java Trench. It would 

therefore be extremely interesting to examine the possibility that they might all be P.

echinospica.
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