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Transmission of obligate bacterial symbionts between generations
is vital for the survival of the host. Although the larvae of certain
hydrothermal vent tubeworms (Vestimentifera, Siboglinidae) are
symbiont-free and possess a transient digestive system, these
structures are lost during development, resulting in adult animals
that are nutritionally dependent on their bacterial symbionts.
Thus, each generation of tubewormsmust be newly colonizedwith
its specific symbiont1,2. Here we present a model for tubeworm
symbiont acquisition and the development of the symbiont-
housing organ, the trophosome. Our data indicate that the
bacterial symbionts colonize the developing tube of the settled
larvae and enter the host through the skin, a process that
continues through the early juvenile stages during which the
trophosome is established from mesodermal tissue. In later
juvenile stages we observed massive apoptosis of host epidermis,
muscles and undifferentiated mesodermal tissue, whichwas coinci-
dent with the cessation of the colonization process. Characterizing
the symbiont transmission process in this finely tunedmutualistic
symbiosis provides another model of symbiont acquisition and
additional insights into underlying mechanisms common to both
pathogenic infections and beneficial host–symbiont interactions.
Symbiosis has had numerous central roles in the evolution of

eukaryotic life, as well as in the evolution of life itself. Understanding
the basic mechanisms of symbiosis is crucial to an appreciation of
this widespread biological phenomenon. Symbiont transmittal
between generations is key to the persistence of all symbiotic
associations. In many well-studied cases, including a variety of
nitrogen-fixing3, bioluminescent4 and algal–invertebrate5 symbioses,
transmittal between generations is indirect and each generation must
be infected de novo. Horizontal symbiont transfer has been also been
suggested for the obligate vestimentiferan (Siboglinidae, Polychaeta)
endosymbiosis1,2,6–9. These tubeworms thrive at deep-sea hydrother-
mal vents and cold seeps rich in reduced chemicals, where they often
dominate the community10,11. The animals lack a digestive system as
adults12,13 and their nutritional needs are met by their bacterial
chemoautotrophic symbionts contained in amorphologically complex
symbiont-housing organ called the trophosome8,12–14.
The larvae of vestimentiferans disperse over long distances to find

new and ephemeral hydrothermal vents that are heavily colonized
very quickly10. However, larvae are aposymbiotic and undergo an
infection process and marked developmental changes on settlement.
The currently accepted hypothesis6,7 suggests that symbionts enter
through the larvalmouth and digestive system and that the subsequent
proliferation of endodermal midgut cells leads to the development of
the trophosome. This was based on the presence of a functional
mouth and a gut containing microbes in early post-larval tube-
worms7,8. Here we present data that indicate a very different mode of
symbiont acquisition and development of the trophosome. Although
we did not follow the infection and developmental processes in live

animals directly, our ultrastructural and developmental data from a
series of animals of different sizes with symbionts localized by using
molecular methods are not consistent with symbiont uptake through
the post-larval mouth or with an endodermal developmental origin
of the trophosome. We propose that symbionts infect the skin of
the larvae after settlement, migrate to the dorsal mesentery and
proliferate to form the trophosome, while the infection process
ceases simultaneously with extensive apoptosis of host cells in the
early juvenile stage.
To sample newly settled larvae and very small juveniles we

developed special settlement devices, namely tubeworm artificial
settlement cubes (TASCs). TASCs, which are composed of individual
grooved plates that can be taken apart, allowed us to locate and
recover the very small and almost transparent tubeworm specimens
alive and undamaged (Fig. 1). The three vestimentiferan species
co-occurring at the hydrothermal vents of the 98 50 0 N region of the
East Pacific Rise—Riftia pachyptila, Tevnia jerichonana and Oasisia
alvinae, which share virtually the same symbiotic phylotype2,9—were
established on the TASCs after one year of deployment. Although
larger animals of these three species between about 2mm and 40 cm
length could be identified (Fig. 1a), small tubeworm larvae and
juveniles (200 mm to about 2mm) are morphologically identical
(Fig. 1b).
Laser-scanning confocal microscopy was used to localize the signal

of the 16S or 23S ribosomal-RNA-labelled probes that were specific
for the vent tubeworm symbiont and different groups of Bacteria and
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Figure 1 | Tubeworm artificial settlement cubes (TASCs). a, Riftia
pachyptila, Oasisia alvinae and Tevnia jerichonana on TASCs after one year
of deployment at East Pacific Rise, site TICA (98 50.447 0 N, 1048 17.493 0 W,
2,500m depth), recovered in December 2002. b, Close-up of one settled
juvenile tubeworm 400mm in length, with trophosome (tr) and tube
(700mm in length).
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Archaea, on series of semithin sections (Supplementary Table 1).
With the use of detailed reconstructions of serial transmission
electron microscopy (t.e.m.) ultrathin sections (Fig. 2a, b, and
Supplementary Fig. 1) and fluorescence in situ hybridization
(FISH; Fig. 2c), we confirmed that vestimentiferan larvae are
aposymbiotic with a fully developed transient digestive tract on
settlement. We examined several segmented trochophore larvae
(200–250 mm in length) (Supplementary Fig. 1). These animals had
a larval locomotory ciliary girdle (prototoch), a ventrally located
patch of cilia (neurotroch) and two or three coelomic body cavities
with fully differentiated mesoderm tissue15. The development of
some adult characters, such as the first pair of tentacles of the gas
exchange organ (plume), the tube-building pyriform glands and
hard structures (chaetae) to maintain the position of the animal in its
tube, had begun in these larvae. The smallest larvae examined lacked
a trophosome, and no symbionts were detected in any tissue or the
gut lumen (Fig. 2c). The digestive tract was transient and was
composed of a ventral mouth opening, a short buccal cavity, three
regions, distinguished by microanatomical features as foregut, mid-
gut and hindgut (length ratio 4:5:1), and a terminally located anus.
Whereas the foregut and the hindgut had similar, numerous electron-
dense granules and rough endoplasmic reticulum, the midgut was
distinctly different and characterized by large glandular vesicles. A
few bacteria, but no symbionts, and tests of protists were occasionally
detected in the gut lumen as well as in gut cells, where they were
apparently undergoing degradation (Fig. 2d, e). Thus, in contrast to
laboratory-reared embryos of several hydrothermal vent and cold
seep vestimentiferans that developed to an early non-feeding trocho-
phore larval stage lacking a mouth16,17, the newly settled later-stage
segmented trochophore were apparently actively feeding on
microbes.
Infectionwith symbionts was first apparent in larvae about 250 mm

in length in the series of ultrathin and semithin sections viewed in
transmission electron and light microscopy (Figs 2a, b and 3a, and
Supplementary Fig. 2a) and by FISH performed on serial semithin
sections (Fig. 3c, and Supplementary Fig. 2a). The newly infected
larvae were virtually identical in morphology and size to the
aposymbiotic specimens examined from the same collections,
further supporting the suggestion that this is the stage at which
infection begins.
The skin was identified as the sole site of symbiont entrance into

the host. Fewer than 20 symbionts were found to infect the epider-
mis, adjoining muscles and underlying undifferentiated mesodermal
tissue in the larvae examined (Fig. 3d). We estimated that at least
fivefold more symbionts (more than 100) were present in small
juveniles up to 400 mm in length but the infected tissues were the
same (Supplementary Fig. 2b). Rod-shaped bacteria of the symbiotic
phylotype were present in the dorsal mesentery, the mesodermal
region between the dorsal blood vessel and the foregut (Fig. 3a–c, and
Supplementary Fig. 2a). The few symbionts enclosed in vacuoles of
mesodermal cells apparently initiate the development of the tropho-
some and thus represent the very beginning of the symbiosis in
vestimentiferan tubeworms. When the symbionts occurred in the
epidermis, muscles and undifferentiated mesoderm, they were dis-
persed freely within the cytoplasm (Fig. 3e) and between these cells.
However, in the trophosome, the symbionts were always enclosed in
vacuoles of host cells (Fig. 3b).We did not detect symbionts in the gut
lumen or gut cells, the mouth opening or the anus in any infected
larvae. Apoptosis of both the symbiont-infected and adjacent non-
infected cells in the epidermis, muscles and undifferentiated meso-
derm was demonstrated in small juveniles, but not in larvae, by cell
shrinkage, pycnotic nuclei with dense chromatin masses accumulat-
ing peripherally, and dilated mitochondria18,19 (Fig. 3e, and Sup-
plementary Fig. 3). In larger juveniles and adults the symbionts were
present only in the trophosome (Supplementary Fig. 4).
We used the same probes and FISH as well as t.e.m. to examine the

microbial population associated with the developing tube in larvae

Figure 2 | Symbiont acquisition and early development of recently settled
vestimentiferans. Schematic sagittal drawings of animals reconstructed
from serial sections (a), and schematic cross-sections in the region of
symbiont uptake and trophosome development (outlinedwith double arrow
in sagittal drawing) (b), fluorescence in situ hybridization (FISH)
micrograph (c) and t.e.m. micrographs of larval midgut (d, e). a, Left:
aposymbiotic larva with prostomium (pr) containing brain (b) and
peristomium with mouth opening (mo), two segments (s1, s2) with
corresponding coelomic cavities (light grey) (c) and tentacles (te) developing
from the first segment. Left centre: infected larva with three segments
(s1–s3); symbionts (pink) in the skin and the dorsal mesentery where the
trophosome (tr, pink) starts to develop. Right centre: juvenile with
prostomium, peristomium (transformed to ventral process (vp) withmouth
opening) and anterior part of first segmentmerged to the vestimentum (ve),
obturacular region (or) developing from vestimentum, posterior part of the
first segment elongated to trunk (t) and posterior located segments merged
to opisthosome (op); at this stage symbionts and apoptosis in the skin co-
occur. Right: adult body regions are similar to those in juveniles. A transient
digestive tract (blue) composed of mouth opening (mo), foregut (fg),
midgut (mg), hindgut (hg) and anus (a) is present in larvae and small
juveniles but is reduced in later stages. b, Corresponding cross-sections of
aposymbiotic larva with foregut (fg, blue) surrounded by visceral mesoderm
(v) and dorsal (dv) and ventral (vv) blood vessels, coelom (c) and skin with
epidermis (e) andmuscles (m); in addition, symbionts (pink) in the skin and
the trophosome (tr, pink) are present in infected larva and juvenile. c, FISH
on LRWhite sections with symbiont-specific probes labelled with Cy3 (red),
4 0 ,6-diamidino-2-phenylindole (DAPI) counterstain (blue): aposymbiotic
larva (left), juvenile with labelled symbionts confined to trophosome (right);
abbreviations as in a. d, T.e.m. micrograph of aposymbiotic larva showing
midgut cells with degrading protists and remaining tests (arrowheads).
e, Cells as in d, containing degrading bacteria (stars) surrounded by myelin
bodies (arrowheads).
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and small juveniles and the established solid tubes in larger juveniles
and adults. In larvae, an extracellular substance apparently released
by pyriform glands formed a mucous coat in which newly settled
animals were embedded. A microbial assemblage of diverse environ-
mental bacteria that included the symbionts colonized this mucous
coat (Fig. 3f, and Supplementary Fig. 5a, b). We never detected the
symbiotic phylotype in established tubes of larger juveniles and
adults, although Gammaproteobacteria, Alphaproteobacteria and
Bacteroidetes (Cytophaga–Flavobacter) were present (Supplementary
Fig. 5c–f).
The previously accepted hypothesis for symbiont acquisition and

trophosome development in vestimentiferans suggested that sym-
bionts enter through the larval mouth with other food and evade

digestion in the gut, and the trophosome develops from proliferating
(endodermal) midgut6,7 tissue. We found no evidence for this
process: the symbiont phylotype was never present in the digestive
system, and themidgut tissues did not show any signs of proliferation
or involvement with symbionts. Furthermore, the first presumptive
bacteriocytes of the trophosome in infected larvae were located in the
foregut region, in mesodermal cells of the dorsal mesentery between
the dorsal blood vessel and the foregut. The most parsimonious
interpretation of our data indicates a different developmental path-
way for symbiont acquisition and development of the trophosome:
symbionts are taken up across epidermal cells during a symbiont-
specific selective infection process and subsequently migrate through
several layers of host tissue into a mesodermal tissue14 that will
develop into the trophosome. Once the trophosome is well estab-
lished in juveniles, the infection process ceases at the same time as
massive apoptosis of skin and other non-trophosome symbiont-
containing tissues.
Apoptosis during ontogenesis20, tissue renewal20 and pathogenic

infections21 is well documented. During infections of Salmonella ssp.
and Shigella ssp. the initiation of inflammation and the destruction
of host tissue are mediated by apoptosis caused by the patho-
gens; however, host apoptosis as a defence mechanism against
Mycobacterium bovis BCG is also known21,22. The involvement of
apoptosis in symbiont acquisition by other mutualistic symbioses
has also been shown. In the bioluminescent Vibrio–squid symbiosis,
the infection process is facilitated through pores of a ciliated
epithelium located on the surface of the host. As soon as the
symbionts have colonized the developing light organ, the epithelium
degenerates through apoptosis; uptake then ceases23. We suggest a
similar developmental process, because we found massive apoptosis
in the tissues mediating the symbiont uptake—the skin—after the
symbionts have become well established in the target organ, the
trophosome. Now that the principal mode of acquisition and
developmental processes in the vestimentiferan tubeworm symbiosis
are better understood, specific underlying mechanisms that control
these processes can be addressed.

METHODS
Collection of vestimentiferans. TASCs consisted of ten HPVC plates (5 cm £ 5
cm £ 0.5 cm) with 20 grooves (20mm £ 1mm £ 1mm) on one side of each,
bolted together. One assembled TASC offers 200 holes providing some physical
protection for juvenile tubeworms. TASCs were deployed and recovered by DSV
Alvin at the hydrothermal vent site TICA (98 50.447 0 N, 1048 17.493 0 W; 2,500m
depth) in December 2001, 2002 and 2003. On recovery, TASCs were disassembled
so that the fragile and translucent specimens could be removed under a
stereomicroscope and fixed appropriately for further study. Some tubeworms
were also collected from tubes of adult tubeworms, ambient basalt pieces or
artificial basalt blocks24 from different vent sites along the 98 50

0
N region of the

East Pacific Rise in 1998, 1999 and 2001.
Specimen fixation and preparation. For FISH, larvae and juveniles were fixed in
4% paraformaldehyde, 0.1M PBS pH7.4 containing 10% (w/v) sucrose at 4 8C
for 12 h and embedded in paraffin or in medium-grade LRWhite resin (British
BioCell International). Complete series of 4-mm paraffin sections or alternating
1-mmand 70-nm resin sections were cut. For t.e.m., one larva and three juveniles
were fixed, embedded in Spurr resin and serial-sectioned as described pre-
viously14. Schematic drawings of one aposymbiotic larva, one symbiotic larva
and one juvenile were constructed with t.e.m. images of at least every 3 mm. For
detailed protocols see Supplementary Methods.
Fluorescent in situ hybridization (FISH). FISH was performed as described
previously25, with modifications for the LR White sections (Supplementary
Methods).Hybridizations were performedwith three newly designedCy3-labelled
oligonucleotide probes (from Thermo electron and GenExpress) specific for the
symbiont 16S rRNA of Riftia pachyptila, Tevnia jerichonana and Oasisia alvinae
(Rif/Tev/Oas; Supplementary Table 1). The probes were designed with the
respective tool of the ARB software package26 and checked for similarity by
using the Probe Match tool integrated in ARB, against all 16S rRNA sequences
in the Ribosomal Database Project27, and by using GenBank28.

The optimal hybridization conditions for the Rif/Tev/Oas probes were
determined with increasing formamide concentrations on adult Riftia tropho-
some embedded in paraffin, in LRWhite and on isolated symbiont preparations

Figure 3 | Infection and trophosome development in vestimentiferans.
a, T.e.m. micrograph of larva; rod-shaped symbionts (stars) initiating the
development of the trophosome (tr) in the dorsal mesentery region next to
the foregut (fg) and the coelom (c). b, T.e.m. micrograph of myoepithelium
in the dorsal mesentery with epithelio-muscle cells (m) next to peritoneal
cells, now called bacteriocytes (ba) with rod-shaped symbionts (stars)
enclosed in vacuoles; both epithelial cell types share a continuous basal
matrix (arrowheads). This organization supports the mesodermal origin of
the bacteriocytes. c, Same specimen as in a: laser scanning confocal
micrograph (LSCM) of FISH; overlay of two images with symbiont-specific
probes (red) and universal eubacterial probe mix (blue) showing the
rod-shaped symbionts (stars) initiating the trophosome development
next to the foregut (fg) and the absence of symbionts in the gut. d, LSCM of
FISH with the same probes as in c: specific infection with rod-shaped
symbionts (stars) in the skin (outlined with double arrow). e, T.e.m.
micrograph of epidermis from small juvenile with symbiont-like bacteria
(stars) in the cytoplasm (cy), apoptotic nuclei (diamonds) and cuticle (cu).
f, LSCM of FISH of extracellular substance located on the cuticle of a
segmented larva shows a microbial assemblage including the symbionts
(stars); symbiont-specific probes labelled with Cy3 (red) and DAPI
counterstain (blue).
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until the probe signal was no longer detectable. For a positive control all sections
were hybridized simultaneously with the symbiont-specific probes and the
Bacteria probe mix29 labelled with different dyes. Three negative controls were
employed: first, symbiont-specific probes were tested on other Gammaproteo-
bacteria chemoautotrophic symbionts (from the ciliate Zoothamnium niveum
and the nematode Laxus cosmopolitus); second, a version of the symbiont-
specific probe with one centrally located mismatch was tested at the respective
stringency on Riftia trophosome tissue; and third, a nonsense probe (NON
338)30 was tested on one section (out of four) on every slide investigated.
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29. Daims, H., Brühl, A., Amann, R., Schleifer, K.-H. & Wagner, M. The domain-

specific probe EUB338 is insufficient for the detection of all Bacteria:
Development and evaluation of a more comprehensive probe set. Syst. Appl.
Microbiol. 22, 434–-444 (1999).

30. Manz, W., Amann, R., Ludwig, W., Wagner, M. & Schleifer, K. H. Phylogenetic
oligonucleotide probes for the major subclasses of Proteobacteria: Problems
and solutions. Syst. Appl. Microbiol. 15, 593–-600 (1992).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements We thank the captain and crew of the RV Atlantis and the
crew of the DSV Alvin for their continuous support; H. Grillitsch for the
schematic illustrations; P. Gahleitner for sectioning; W. Klepal for the EM
support; S. C. Cary, C. M. Cavanaugh (grants from NOAA and NSF),
J. J. Childress and L. S. Mullineaux for their hospitality on cruises; and
C. M. Cavanaugh and M. Horn for their comments on the manuscript. This work
was supported by grants from the Austrian Science Foundation and the Austrian
Academy of Science to M.B., by a grant from the Faculty of Life Sciences,
University of Vienna to A.D.N., and a grant from the US National Science
Foundation to C.R.F.

Author Contributions M.B. was the project leader, designed the TASCs and
performed the t.e.m. work; A.D.N. performed the molecular work and was
responsible for the data collection; and A.D.N., C.R.F. and M.B. performed the
field work and wrote the paper.

Author Information Reprints and permissions information is available at
npg.nature.com/reprintsandpermissions. The authors declare no competing
financial interests. Correspondence and requests for materials should be
addressed to M.B. (monika.bright@univie.ac.at).

LETTERS NATURE|Vol 441|18 May 2006

348


