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Abstract

Ultrastructural observations on the gill of the bivalve molluscs found in
dense populations at deep-sea hydrothermal vents of the East Pacific Rise,
and in association with fluid emissions in subduction zones off Japan, show
surprisingly high concentrations of endocellular bacteria probably involved in
symbiotic relationships with the mollusc host.

In all species, the bacteria are highly integrated into the gill cells, but two
types of association are found: in the mytilid, Bathymodiolus thermophilus,
Kenk and Wilson (1985) the bacteria colonize only the apical part of the
“lodging cells” which are not modified in their basal area. In the following
Vesicomyid species Calyptogena magnifica, Boss and Turner (1980), C. phase-
oliformis, Métiver et al. (1986) and C. laubieri, Okutani and Métiver (1986),
the cells colonized by the bacteria are completely transformed into bacteri-
ocytes. These different types might reflect variable degrees of evolutionary
change in the two families.

Two common features occur in both types and are probably related to the

symbiotic relationships: the presence of lipid inclusions and the abundance of
lysosomes.
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1. Introduction

Bivalve molluscs belonging mostly to the families Vesicomyidae and
Mytilidae are among the predominant organisms of luxuriant populations
discovered on intense geological activity sites of the deep sea. First observed
in 1976 in the Galapagos area (Corliss and Ballard, 1977) these populations
were then found to characterise the hydrothermal vents of the East Pacific
Rise and were studied especially in 21°N and 13°N sites (review in Hessler
et al., 1985; Laubier et Desbruyere, 1984). They are also present in the
Guayamas basin (Lonsdale, 1984), and more recently they were observed
associated with the muddy sediments off the continental margin of Florida
(Paull et al., 1984), Oregon (Suess et al., 1985) and as deep as 5960 m off
Japan (Swinbanks, 1985a,b; Laubier et al., 1986). All the large sized new
species develop surprisingly high biomasses in these oligotrophic zones, e.g.
10 kg.m?" " for Bathymodiolus thermophilus (Galapagos area, Hessler and
Smithey, 1983), and 51 kg.m*"" for Calyptogena phaseoliformis (Japan sub-
duction zones, Laubier et al., 1986). Ecological observations (Hessler and
Smithey, 1983;Hessler et al., 1985; Laubier et Desbruyéyes, 1984; Laubier et
al., 1986; Sibuet et al., 1986) show them to be strictly dependent upon the

interstitial fluids rich in sulphur compounds, methane and different geother-
mically produced metals.

Biochemical adaptations related to the detection of chemoautotrophic pro-
cesses (Felbeck et al., 1981, 1983; Felbeck and Somero, 1982; Fiala-Medioni et
al., 1986) as well as the observations of endocellular bacteria associated with
the gill of these species (Cavanaugh, 1983, 1985; Fiala-Medioni, 1984, 1986;
Le Pennec and Hily, 1984; Fiala-Medioni and Métivier, 1986; Fiala-Medioni
et al., 1986; Fiala-Medioni and Le Pennec, 1986) led to the hypothesis of
a primordial trophic importance of symbiotic relationships between a mol-
lusc and its bacteria. This association involves anatomical, structural and
ultrastructural adaptations, which are reviewed here based on three exam-
ples: the Mytilidae Bathymodiolus thermophilus, Kenk and Wilson (1985)
from 13°N in the East Pacific Rise, the Vesicomyidae, Calyptogena pacifica,
Boss and Turner (1980) from 21°N in the East Pacific Rise, and Calyptogena
phaseoliformis,Métiver et al. (1986) from the subduction zones off Japan.

2. Results

All the species show evidence of reduction or simplification of the structures
involved in particle feeding: reduced food groove along the ventral margin
of the ctenidia, small labial palps, non plicate stomach and rectilinear in-
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testine (Hily et al., 1986; Fiala-Medioni and Métiver, 1986; Fiala-Medioni
and Le Pennec, 1986; Le Pennec and Fiala-Medioni, 1986). But the most
remarkable modifications concern the highly vascularized, enlarged gill with
the large majority of its cells containing abundant chemo-autotrophic gram-
negative type bacteria. The structural aspect of the colonized cells as well
as the type of bacteria vary with the species.

The mytilid, Bathymodiolus thermophilus, presents a gill composed of two
ctenidia with descending and ascending lamellae fused on half of their height
by interlamellar septa. The weight ratio between gill and other organs is 4
or 5 times higher compared to those of littoral mytilids (Le Pennec and Hily,
1984). SEM micrographs show the lamellae to be composed of homorabdic
filaments. Thin transversal sections show the filament to be formed by a
unicellular wall overlying a central blood lacuna with numerous hemocytes
(Fig. 2A). Except for the small frontal and ab-frontal areas occupied by
ciliary cells and mucous cells respectively, the wall is mainly composed of
“lodging cells” that are perfectly integrated into the gill tissue and separated
by thin bacteria-free cells (Fiala-Medioni, 1984; Le Pennec and Hily, 1984;
Fiala-Medioni et al., 1986). In TEM observations (Fig. 1 type I, Fig. 2A,B),
the bacteria (mean diameter of cross sections: 0.3 to 0.54m) which are con-
centrated in the apical part of the cell and are surrounded by peribacterial
membranes, present a gram-negative type cell wall, a dense cytoplasm at
their periphery and a well developed diffuse nucleoid (Fig. 2B). The cyto-
plasm of the basal part of the cell contains a large nucleus and the com-
mon organelles: endoplasmic reticulum, golgi vesicles and mitochondria; it
is characterized by abundant inclusions of dense lipid droplets and numerous
lysosomes (Fig. 2A). The result of pinocytotic processes can be seen between
the peribacterial membranes and the cytoplasm of the host cell.

In both of the vesicomyids, the gill is also thick, large, and covering the
entire visceral mass. Calyptogena magnifica presents two ctenidia, each com-
posed of an outer and an inner demi-branch. Each demi-branch is formed by
descending and ascending lamellae supported by interlamellar septa (Boss
and Turner, 1980; Fiala-Medioni and Métiver, 1986). Transverse sections
through the filament show a small ciliary part in the frontal area next to
the lateral part which is well-developed and entirely composed of a single
file row of bacteriocytes, separated by intercalary bacteria-free cells. The
apical surface of both bacteriocytes and intercalary cells is covered by well
developed microvilli. The bacteriocytes are completely filled with dense con-
centrations of bacteria (mean diameter 0.6-0.7um in cross section) in vac-
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TYPE |

TYPE 1l

Figure 1. Graphic representation of the two types of bacterial associations; type I: mytilid
type; type II: vesicomyid type; b: bacteria; n: nucleus; m: mitochondria; er:
endoplasmic reticulum; L: lipids; Ls: lysosomes; bm: basal membrane; bl: blood
lacuna; h: hemocyte. Dense-electron grains are shown by arrows in type II.
(Drawn by M.J. Bodiou).




ULTRASTRUCTURE OF BACTERIAL SYMBIOSIS OF DEEP-SEA BIVALVES 67

Figure 2. Bathymodiolus thermophslus. A, light micrograph of a thin cross section through
three adjacent filaments; cc: ciliary cells of the frontal part; bc: bacterial cells;
mc: mucous cell at the abfrontal part. B, electron micrograph of a cross section
in the bacterial zone; bc: bacterial cell; ic: intercalary cell; b: bacteria; ls:
lysosome; 1: lipids; n: nucleus; bm: basal membrane. C, Magnification of a
bacterial pouch; b: bacteria; bm: bacterial membrane; n: nucleoid; be: bacterial
cytoplasm (A, from Fiala-Medioni et al., 1986; B,C, from Fiala-Medioni, in
press).
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Figure 3. Calyptogena phaseoliformis. A light micrograph of a cross section through a lamella
showing adjacent filaments with ciliated cells (cc) at the frontal part and bac-
teriocytes (bc); filaments are joined by interfilamentary septa (ifs). B, Electron
micrograph of a transverse section through the bacterial part; bc: bacteriocytes;
ic: intercalary cells; b: bacteria: ls: lysosomes; 1: lipids, C, High magnification
of bacteria showing dividing stage (arrow); bm: bacterial membrane; n: nu-
cleoid; pm: pouch membrane; pl: phagolysosome; D, High magnification of the
basal membrane (bm) zone; bc: bacteriocyte: bl: blood lacuna; h: hemocyte;
g: electron-dense grains.
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uoles surrounded by peribacterial membranes and presenting a gram-negative
type cell wall, a dense cytoplasm and a diffuse nucleoid. The bacteria present
numerous dividing stages. Few organelles are present except a large basal
nucleus and some lysosomes. Small electron dense granules are abundant
in the blood space near the membrane. In C. phaseoliformis the two cteni-
dia have only one branch with descending and ascending lamellae fused by
interfilamentary septa. As for C. magnifica a small part on the frontal re-
gion of the filament carries ciliated cells; the major part of the filament is
composed of bacteriocytes separated by very thin intercalary bacteria-free
cells (Fig. 1 type II, Fig. 3A). In the blood lacuna the same electron dense
granules are present near the basal membrane in the hemocytes and some
inside the bacteriocytes (Fig. 3D).

The bacteriocytes are filled with dense concentrations of bacteria (mean
diameter of cross sections: 0.5-1pm) with a gram-negative type cell wall and
surrounded by peribacterial membranes (Fig. 3B,C). Abundant inclusions
are present at the periphery of the bacteriocytes (Fig. 3B); clear ones show
a positive reaction for lipids (coloration with Sudan B black, procedure from
Ganter and Jolles, 1970). Lysosomes characterized by myelinic fibers are also
abundant. In some bacteriocytes, mineral inclusions are enclosed in large
membrane bound vacuoles, they seem to correspond to the yellow crystals
visible in light microscopy, which have been shown to be elemental sulphur,.

3. Conclusions and Discussion

The enlargement and the structural modifications of the gill clearly indi-
cate that this is the main organ responsible for nutritional processes. The
special adaptation related to the association with bacteria that are perfectly
integrated into the gill tissue can explain the maintenance of abundant popu-
lations of such large bivalves in oligotrophic zones of the deep-sea abundantly
supplied with chemical energy.

Two different modes of association are observed: in the first one
(Bathymodiolus thermophilus), the bacteria colonize only the apical part of
the cells, which present a normal structure in their basal part. Small sized
as they are these bacteria would, according to their DNA composition, be
related to the genus Thiomicrospora, using thiosulfate as primary source
(Belkin et al., 1986). In the second one (Vesicomyidae), the contaminated
cells are completely colonized and transformed into bacteriocytes. According
to the description of Stetter and Zilling (1985), the bacteria might belong by
their size, structure and mode of division to sulfur dependent Archaebacteria.
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They probably oxidize sulphur compounds for their metabolic requirements,
according to the metabolic scheme described by Felbeck et al. (1983).

The source of energy used by the bacteria associated with the Vesicomyidae
of Japanese subduction zones remains to be elucidated. From a biochemical
analysis Boulégue et al. (1986a) postulate the oxidation of methane present
in abundance in the water emissions (Boulégue et al., 1986b). The bacteria
which present a size,structure and mode of division close to that observed
in bacteria of C. magnifica, do not show stacks of intracytoplasmic mem-
branes as typical of type I methanotrophs found in the mussel off Louisiana
(Childress et al., 1986). Furthermore the presence of abundant elemental sul-
phur crystals (Fiala-Medioni and Le Pennec, 1986) endorses the hypothesis
of an active sulphur metabolism associated with the gill.

The differences observed in the two types might reflect variable degrees
of evolutionary change in the two families. It is interesting that cells com-
pletely transformed into bacteriocytes (type II) are observed in the genus
Calyptogena belonging to the deep-sea family Vesicomyidae. All the species of
this family found from 100 to over 2600 m (Boss and Turner, 1980) are prob-
ably strictly dependant on symbiotic relationships with chemoautotrophic
endocellular bacteria as C. magnifica, C. phaseoliformis and C. laubiers
showing a related simplification or great reduction of the organs involved in
particle feeding (Boss and Turner, 1980; Fiala-Medioni and Métivier, 1986;
Le Pennec and Fiala-Medioni, 1986). Type I is found in Bathymodiolus
thermophilus belonging to the Mytilidae which are well-represented in shal-
low waters. B. thermophilus seems to have succeeded in the colonization of
deep oligotrophic zones rich in chemical energy which is used through symbi-
otic relationships with endocellular chemoautotrophic bacteria. Beside this
adaptation, this species has still conserved the ability to feed on particulate
material (Le Pennec and Prieur, 1984; Fiala-Medioni et al., 1986; Hily et al.,
in press).

Despite the difference observed in the two models common features occur:

e In all species, the gram-negative-type coccoid bacteria are grouped in
vacuoles surrounded by peribacterial membranes. These vacuoles tend
to disappear in old bacteriocytes of C. magnifica (Fiala-Medioni and
Meétivier, 1986).

e Abundant lipid inclusions are observed in the “lodging cell” cell type
(Bathymodiolus thermophilus) as well as in the “bacteriocyte type”
(Calyptogena phaseoliformis). These inclusions might be related to

the bacterial metabolism and represent some kind of reserve for the
host.
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e The lysosomes observed in the two types of association and obviously
involved in lysosomic resorption of the bacteria (Fiala-Medioni, in
press) may contribute to a trophic gain for the mollusc. Further ex-
periments are needed to clarify the role of these inclusions in symbiotic
relationships between the bacteria and their host.

This work relates to Department of Navy Grant N0014-87-G-033 issues by

the Office of Naval Research. The United States Government has a royalty-free license
throughout the world on all copyrightable material contained herein.
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