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Abstract. A morphological study of bacteria associated with the "Pompei 
worm," Alvinella pompejana, collected from East Pacific rise hydrothermal 
vents, revealed four types of epidermal associations on the dorsal part of 
the animals: various single cells distributed on the animal tegument; clump- 
like associations located in the intertegumentary spaces; and filamentous 
bacteria associated with epidermal expansions, or inserted on the posterior 
parapodia. The bacterial morphologies were illustrated by SEM and TEM 
pictures and compared to bacteria previously described. The functional 
significance of these associations is discussed. 

Introduction 

The exceptional biomass of animal communities discovered in the close vicinity 
of the East Pacific Rise hydrothermal vents (2,500-2,700 meters depth) has 
been explained primarily by the occurrence of high local chemo-synthetic pro- 
duction by procaryotes [ 14]. However, the bacteria collected near the vents in 
the cold and well-oxygenated ambient seawater showed a weak chemosynthetic 
activity and appeared to be quickly dispersed [23]. Chemosynthetic production 
could occur particularly in seawater pockets, trapped and heated under the 
basaltic ground, in the cracks and clefts of  the basaltic suface, and finally in 
close association with the hydrothermal fauna [23]. Several associations be- 
tween bacteria and invertebrates have been described and studied. The most 
extreme case was represented by the pogonophora Riftia pachyptila Jones [1, 
3, 4, 5, 10]. Different levels of  bacterial associations were also noted for the 
two giant bivalves of  the hydrothermal vents: Calyptogena magnifica Boss and 
Turner and the "Galapagos mussel" [6, 11, 19]. 

The "Pompei worms" (Alvinella pompejana) [7] build organic tubes on the 
edge of  zinc sulfide chimneys, nicknamed "white smokers" [9]. In this envi- 
ronment, the hot, acid, reducing hydrothermal fluid, enriched with minerals 
(metallic sulfides, silicates, calcium) mix actively with the cold oxygenated 
sulfate-enriched seawater. Large amounts of  dissolved gases (methane, carbon 
monoxide, hydrogen sulfide) are contained in these fluids [20]. This mixing 
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Fig. 1. Distribution of bacterial forms associated with Alvinella pompejana. (A) Drawing of 
Alvinella pornpejana hirsuta. Epidermic expansions (F) are numerous on the dorsal part of  the 
worm. A low density of  bacterial aggregates was observed in the most  anterior part of  the worm 
(63 (illustrated in Fig. 1C). The density of these aggregates increased in the intersegmentary spaces 
(B) which are posterior to the part C: this aspect is illustrated in Fig. lB. (B) Segmentary part of  
the medioanterior dorsal area of the two forms of Alvinella pompejana. Bacterial aggregates were 
observed in the intersegment spaces. (C) Dorsal segmentary part of  the fore areas of  the two forms 
of Alvinella pompejana. Some aggregated bacteria were observed in the intersegmentary spaces. 
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produced a sharp physiochemical gradient (20-30 cm) where numerous mineral 
precipitations (e.g., Pb, Zn, As) occurred [9]. In this extreme environment, 
which is particularly favorable for bacterial chemosynthesis, very productive 
animal communities prosper, predominated by Alvinellinae. Their biotope was 
located on the outer border of the thermal gradient (20-40~ but the hy- 
pothesis of incursions into warmer zones cannot be excluded. The observations 
of some transverse sections of diffusers revealed the presence of tubes up to 
the central part of the edifice, where the temperature exceeded 200~ 

Numerous epibiotic bacteria live on these worms and inside their tubes [8, 
9, 12]. However, no exhaustive description of these bacterial communities have 
been previously published. Scanning (SEM) and transmission (TEM) electron 
microscope observations of these bacteria are presumed here. 

Materials and Methods 

Alvinella pornpejana specimens were collected at 20~ and 109~ with the research submersible 
"Alvin" (April-May 1979) and at 12~ and 103~ with the submersible "'Cyana" (March 
1982). The worms reached the deck about 2 hours after their in situ sampling at 2,600 m depth, 
at which time they were still alive. They were immediately dissected and fixed; some of them were 
kept alive during some hours under pressure. Ultrastructural studies were made on pieces of worms 
fixed with 0.4 M sodium cacodylate-buffered glutaraldehyde (3% final concentration) at pH 7.2 
and then postfixed with osmium tetroxide (1% final concentration) and embedded in Durcupan 
as described in Desbruyeres et al. [8]. Thin sections were stained with aqueous uranyl acetate and 
lead citrate, and examined with a Philips EM 201 TEM at the Centre de Biologic Cellulaire CNRS, 
lvry, France. SEM observations were made on fixed samples dehydrated with ethanol, critical 
point dried, and sputter-coated with gold metal. The samples were examined with a Cambridge 
S100 SEM at the Ifremer, Centre de Brest, France. 

Results 

When the "Pompei worms" from the 21~ site on the east Pacific rise were 
described [7], two morphological forms living on the walls of the white smokers 
were considered the same species, thus hypothesizing two ontogenic stages [7]. 
More information about the relationship between the two forms is needed for 
a firm conclusion, but it has been proposed recently [9] that the names Alvinella 
pompejana forma hirsuta be given to the so-called "adult stage" and Alvinella 
pompejana forma caudata to the "juvenile stage." The morphological differ- 
ences between the two forms primarily concern the number of setigerous seg- 
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(D) Posterior dorsal part of  A. p, caudata epiderm. The segments are divided and the density of  
bacterial aggregates is extremely high. (E) Filamentous bacteria on the inner wall of the tube of 
Alvinella pompejana. Some unidentified crystals are included in the bacterial lawn. (F) Drawing 
of Alvinella pornpejana caudata. The bacterial aggregates in the intersegmentary spaces (B) and 
the anterior part of the worm (C) were similar in both A. p. hirsuta and caudata, whereas their 
density increased in the posterior part (D) ofA. p. caudata (illustrated in Fig, ID). This worm is 
devoid of epidermic expansions, and its posterior parapods (P) are modified and covered with a 
high density of filamentous bacteria (see Fig. 5). 
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Fig. 2, Morphological types of bacteria observed on the teguments of the two forms of Alvinella 
pompejana. (A) Spiral-curved bacteria on the cuticle of A. pompejana. (B) Rod-shaped bacteria 
on the cuticle of A. pompejana. TEM observations of the same organisms are illustrated in 2E 
(below). (C) Rod-shaped bacteria on the cuticle of A. pompejana. (D) A high magnification of a 
rod-shaped bacteria which appeared to be appendaged. (E) TEM observations of rod-shaped bac- 
teria. Thin filaments are noted between the rods and ellipsoid structures (D) at the surface of  the 
cuticle (C). (F) Various types of bacteria on the surface of the cuticle (C) under TEM observations, 
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ments which are greater in most  A. p. caudata specimens than in those o f  A. 
P. hirsuta. Another  differentiating feature is a t remendous  deve lopment  of  
posterior parapodia  in A. p. caudata. 

Various bacterial morphologies  were observed on the tegument  o f  the two 
forms of  A. pompejana sampled f rom the two sampling sites. The  observed 
bacteria can be separated into four groups, according to their  location on the 
epidermis o f  the worm (Fig. 1). 

Tegument Bacteria Without Any Particular Location 

These bacteria were observed on the two forms and can be classified into four 
morphological  types, the first three types being the more  abundant:  (1) Rod-  
shaped bacteria (Fig. 2B, C, D) (1.2 ~m x 0.3-0.6 #m) were often observed 
linked to the cuticle of  the worm by thin fi lamentous structures (Fig. 2E, F); 
(2) Appendaged or prosthecate bacteria (Fig. 2C, D) o f  two different types: the 
first, about  2 #m in length and 0.2 ~m in d iameter  in its distal part, the 
appendage being formed by a slow diminut ion  o f  the cell d iameter  (Fig. 2C). 
The latter had a thicker cellular body and was prolonged by a thin, long, and 
distinct appendage (0.5/zm in length) (Fig. 2D); (3) Small spiral-curved bacteria 
(2 x 0.2 ~m) (Fig. 2F, G) showing four spiral revolut ions o f  0.4 #m step; (4) 
Unsheathed fi lamentous bacteria (Fig. 2H, I) with cells o f  0.6 #m length. 

Clumplike Bacteria 

In the intersegmentary spaces, the clumplike associations are inserted on axes 
which are perpendicular  to the worm surface (Fig. 3B). The axis is sur rounded 
with an organic matr ix  in which various bacterial types were inserted (Fig. 3A, 
C, D, E), particularly rod-shaped bacteria, coccoidal cells (Fig. 3B), and fila- 
mentous  bacteria (Fig. 3A, B). TEM observat ions revealed the presence o f  a 
thin sheath filled with rod-shaped cells of  variable sizes. The  sheath was thicker 
(0.3 #m) at the insertion level o f  the filament than at the ext remity  (Fig. 3F). 
At their  ends, the large filaments were surrounded by smaller f i lamentous 
bacteria (Fig. 3G). Some bacterial cells observed under  TEM appeared to be 
embedded  in a thick amorphous  matr ix  (Fig. 3E). 

Bacteria Associated with the Dorsal Expansions of  the A. p. hirsuta 

The epidermis of  the "hirsuta" form showed expansions, previously described 
as papilla, at the level of  the dorsal intersegmentary parts (Fig. 4A). These 

including spiral-curved cells (H). Epicuticular projections (D) seemed to be linked to the bacteria 
by their filaments, A mineral-like deposit (A) was also present. (G) Spiral-curved bacteria. (H) 
Unsheathed filamentous bacteria. (I) TEM observations of unsheathed filamentous bacteria (b), 
C: cuticle; D: epicuticular projections. 
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Fig. 3. Bacterial aggregates. (A) TEM general views of bacterial aggregates. Various bacterial cells 
are inserted around an axis (A). The axis is composed of cuticular fibrils which are embedded in 
a matrix, which is surrounded by minerals in the distal part of the axis. (B) SEM general view of 
bactersal aggregates. Filamentous and coccoidal bacteria are observed around the axis which is 
perpendicular to the worm surface. (C) High magnification ofnonfilamentous bacteria from B, (D) 
TEM observations of  bacterial aggregates with degenerating cells. Cuticular fibrils are embedded 
in an amorphous matrix. (E) TEM patterns of aggregated bacteria. (F) High magnification of a 
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expansions reached 10/~m in length and  could be observed  with the naked  eye. 
F i lamentous  bacter ia  (100-200 g m  in length) were jo ined  to the generat ive par t  
of  these cyl indroconical  structures (Fig. 4B). Different aspects o f  the f i lamentous 
bacteria are il lustrated in Fig. 4E, F, G,  H. Unident i f ied disks were usually 
among  the bacter ia  (Fig. 4C, D). 

Bacteria Associated with the Parapodia of A. p. caudata  

The  parapod ia  on the poster ior  por t ion of  the " c a u d a t a "  fo rm showed several  
expansions  on which f i lamentous bacter ia  were a t tached (Fig. 5A, B, E). These  
filaments were very large (600 x 2.5 ~m) (Fig. 5C) and  were easily observed  
with the naked eye. The  cuticle of  the w o r m  was modif ied  where  the bacterial  
fi laments were a t tached and often d isappeared  (Fig. 5E). The  f i laments were 
not sheathed and  were c o m p o s e d  o f  large (up to 6 #m) bacterial  cells, with a 
range o f  d i ame te r  f rom 0 .3-2  ~m (Fig. 5B). Some  unidentif ied crystals were 
observed a m o n g  the fi laments (Fig. 5D). Some  inclusions were in the bacterial  
cells (Fig. 5F), which generally had a thick cell wall with no sheath (Fig. 5G). 

Discussion 

Morphological  pat terns  of  several  mic roorgan i sms  associated with the deep-  
sea hydro the rma l  communi t i e s  were previously  described [5, 8, 15]. Unl ike  
the Pogonophora  [5] or  b iva lve  mol luscs  f rom these c o m m u n i t i e s  [6], the two 
forms  ofA.  pompejana do not  seem to have  intracellular bacteria.  On the other  
hand, the teguments  o f  the w o r m  are covered  with m a n y  mic roorgan i sms  o f  
var ious  types. The  mos t  c o m m o n  single cells are g ram-nega t ive  rods, but  these 
bacteria are widespread in the mar ine  e n v i r o n m e n t  and  their  identification is 
impossible  using only the morphologica l  features repor ted  here. Because o f  the 
lack o f  typical per ip lasmic  fibrils, the spiral curved  bacter ia  are not  spirochetes 
and m a y  be related to the genus Spirillum [17], with a chemoorgano t roph ic  
metabol i sm.  The  f i lamentous bacter ia  associated with A. pompejana are the 
mos t  abundan t  and,  in some  cases, can be observed  with the naked eye. Some  
of  them are unsheathed,  but  they are usually fo rmed  by rods in chains within 
a sheath. Thus,  they are different f rom the Leucothrix-like and Thiotrix-like 
bacteria that  have  been observed  on the shell o f  the Ga lapagos  mussel  [15]. 
Because o f  their  large size, some fi laments could be related to the genus Beg- 
giatoa [15]. However ,  this genus has been described as free living, and the 
filaments observed  here were a t tached to the tegument  o f  the worm.  Moreover ,  
no sulfur inclusion was observed within the worm-assoc ia ted  filaments.  Never -  

bacterial filament. Bacterial cells are surrounded by a thin sheath. (G) Distal ends of filamentous 
bacteria protruding from the aggregates. Some appeared collapsed. Smaller filamentous bacteria 
surround some large filaments. These patterns are common on the distal parts of epidermic ex- 
pansions. 
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Fig, 4. Bacteria associated with lhe epidermic expansions o fA .  p. hirsuta, (A) SEM observalions 
of  the intersegmentary epidermic expansions (F) and a segmental part of  the dorsal integument 
(E). (B) These expansions are made o f a  fibrillar matrix covered with bacteria, (C) Small disks (D), 
included in the bacterial lawn, are located near the base of the expansions. (D) Higher magnification 
of disks (D) located near the base of the expansions. (E) TEM observations of bacteria (b) around 
the organic layer (F) of epidermic expansions. The larger types of bacteria are inserted in the organic 
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Fig. 5. Bacteria associated with the parapods of the A, p. caudata. (A) SEM general view of the 
parapods (P) after removal of epibiotic bacteria (b). (B) SEM observations of filamentous bacteria 
inserted on the cuticle. The bases of the filaments are enlarged. (C) Bacterial filaments from the 
inner walls of the worm tube. (D) Bacterial filaments associated with the parapods, showing some 
unidentified crystals. (E) TEM observations of a bacterial filament (b) inserted near the microvilli 
(M) of the cell epidermis (E). No cuticle was observed. (F) TEM observations of a bacterial cell 
with an inclusion. (G) Detail of the cell wall of the filamentous bacteria. 
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layer. (F) Median part of the epidermic expansion (F) with large bacteria (b). A corpuscule (possibly 
Bdellovibrio-like) was observed (arrow). (G) TEM observations of filamentous bacteria in the 
median part of epidermic expansions (F). Dark granules (arrow) occur in the bacteria (b), (H) Distal 
pan of filaments with collapsed bacteria (b). 
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theless, sulfur could play a role in the metabolism of  these bacteria, as sulfur 
crystals have been noted [18] among the parapodial filaments. Using only 
morphological features, it is not possible to identify the filamentous forms 
described here, and more investigations on physiological characteristics of  these 
organisms are needed. 

With invertebrates living far from the vent ecosystem, some epibiotic bac- 
terial associations have been described [2, 16, 21, 22]. The polychaetous an- 
nelids commonly have lacked associated bacteria [21]. 

The functional significance of  the epibiosis of  A. pompejana is not under- 
stood. Epibiotic bacteria might use inorganic compounds from the hydrother- 
real vents and the worm metabolism, as well as organic compounds secreted 
by the worm. In return, the worm presumably may use the dissolved organic 
compounds produced by the bacteria. Beyond the possible but as yet undem- 
onstrated trophic relationships between A. pompejana and its associated bac- 
teria, some other relationships can be considered, particularly detoxification. 
The environment of  the worm is enriched with hydrogen sulfide and metallic 
compounds. Although high concentrations of  arsenic have been noted in the 
integuments ofA. pompejana [ 13], it is possible that some bacteria concentrate 
the metals and thus help to detoxify the environment near the worm. 
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