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The vent mussel Bathymodiolus puteoserpentis, a large vesicomyid clam and a smaller thyasirid were
collected from an area of sediment subject to diffuse hydrothermal flow. The mussels live on the surface,
the vesicomyids are partly buried and the thyasirids burrow in the sediment. The fine structure of the gills
differs in the three bivalves. Bathymodiolus puteoserpentis hosts two types of bacterial symbiont, one methano-
trophic, and another probably thiotrophic. The other two bivalves have single types of symbiont of different
shapes. Stable isotope ratios of carbon and nitrogen indicate thiotrophy in the vesicomyid and thyasirid,
but a predominance of methanotrophy in the mussel. This is the first time that such an assemblage has been
found at a hydrothermal site on the Mid-Atlantic Ridge (MAR), with the different faunistic elements

exploiting different energy resources.

INTRODUCTION

Since discovery in 1986, the hydrothermal vents at the
MAR have become famous for the presence of large
swarms of bresilioid shrimps (Rona et al., 1986).
However, other locally abundant animals at the MAR
vents include symbiotrophic mussels of the genus
Bathymodiolus (Segonzac, 1992; Cosel et al., 1994, 1999;
Craddock et al., 1995 Maas et al., 1999). Starting at
the north end of the chain of inhabited vent sites along
the MAR, Bathymodiolus azoricus occurs at Menez Gwen
(37°50'N), Lucky Strike (37°17’N) and Rainbow (36°14'N).
There may be an overlap of mussel species (Jollivet et al.,
1998) at Broken Spur (29°10'N), but mussels are rare
there and are virtually absent at TAG (26°08'N). A
second species of mussel, Bathymodiolus puteoserpentis, is
common at Snake Pit (23°22'N) and extends southwards
to Logatchev (14°45'N). In 1997 three of the authors
(ECS, AG and PC) took part in a cruise of RV Atlantis’
(MAR °97) that visited all these sites, using the submer-
sible ‘Alvin’. Logatchev is the southernmost hydrothermal
site so far investigated on the MAR, and the only one with
a substantial area of soft sediment. At Logatchev mussels
were found on three major vent fields, the Main Mound,
the ‘Irina 2’ chimney complex and the sedimented area
named Anya’s Garden’ (Gebruk et al., 2000a). The latter
was found to have a population of large vesicomyid clams
and two species of Thyasiridae, in addition to the mussels
(Bathymodiolus puteoserpentis). This was the first time live
vesicomyids were reported from the MAR.

In the course of an investigation of the diet of vent
shrimps (Gebruk et al., 2000b), various food items that
might be used by the shrimp were sampled, including
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specimens of three species of bivalve from Anya’s
Garden’, for stable isotope ratios of carbon and nitrogen.
Microscopic examination of the gills of these bivalves
revealed interesting differences in fine structure of their
bacteriocytes and symbionts which, taken with differences
in the stable isotope ratios, indicated that a variety of
energy sources were utilized in the symbioses.

MATERIALS AND METHODS

The bivalves were collected at the Logatchev vent field
on the MAR during cruise 3, leg 3 of RV ‘Atlantis’ They
were sampled on dive 3133 of the DSRV Alvin’ at 3038 m,
14°45.189'N; 44°58.829'W; 27 July 1997. The observers
were R.A. Lutz and Michelle Bunzel. Vesicomyids,
mussels and a few thyasirids were sampled with a scoop,
using the remote arm of Alvin, in the area known as
Anya’s Garden’. Video recordings of this area made
during dive 3133 show habitat details. Most of the mussels
and vesicomyid clams were used for meristic and genetic
studies (e.g. Maas et al., 1999). In the ship’s laboratory,
parts of the gills were removed from one of each type of
bivalve and small pieces were fixed for electron micro-
scopy, other parts of the gill and part of the foot were
dried separately at 60°C. The other tissues and shell were
preserved in 4% formaldehyde/seawater.

The fixation for electron microscopy was undertaken
onboard ship, using 0.IM cacodylate-buffered 2.5%
glutaraldehyde, with 4 M sucrose (pH 7.4, 2h, ice cold,
dark). Material was then rinsed four times in 0.1 M buffer
with decreasing sucrose molarity, from 3 to 0M (each
rinse 10 min, ice cold, dark). Tissues were post-fixed in
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0.1 M cacodylate-buffered 1% osmium tetroxide for 1h in
the dark, on ice. After two rinses in cacodylate buffer,
tissues were dehydrated in three ethanol steps to 70%. At
Plymouth the material was further dehydrated in ethanol
series to 100%, embedded in Spurr resin and sections cut
on a Reichert microtome. Thin sections were mounted on
grids, and stained with uranyl acetate and lead citrate.
Semi-thin sections were mounted on slides and stained
with toluidine blue.

For stable isotope analysis, the dried samples were
homogenized and subsamples loaded into precombusted
silver boats (500°C, 3 h), acidified (2N HCI) and dried.
Copper and precombusted copper oxide (910°C) were
added to the boats, which were then loaded into pre-
combusted quartz tubes and sealed under vacuum. These
tubes were combusted at 910°C for 3 h and allowed to cool
slowly overnight. The resulting CO, and N, were sepa-
rated cryogenically. The N, was analysed on a VG SIRA
IT and CO, on a PDZ-EUROPA mass spectrometer.
Results are expressed relative to PDB and atmospheric
nitrogen standards in the usual notation. Precision of an
internal laboratory sub-standard was 0.05%o.

Total carbon and nitrogen in the powdered dried tissues
analysed by R.N. Head, Plymouth Marine
Laboratory. Total sulphur was measured by Elemental
Microanalysis Ltd, Okehampton, Devon.

were

RESULTS
Habitat

Anya’s Garden’ is in the north-western part of the
Logatchev site (Gebruk et al., 2000a, Figure 1), at
~3040 m depth. The clam field was at least 12 m across,
on soft sediment (Gebruk et al., 2000a, Figure 3). Most of
the clams were partly buried, in the inclined position
typical of vesicomyids. Their distribution was very
uneven, varying from small groups of three or four indivi-
duals to aggregations covering several m? with a density of
<100 m~2 One of the aggregations formed a small bank
0.4 m high and 8 m long, presumably following a pattern
of fluid discharge from within the sediment. Mussels were
present on the surface in clusters of 4-60 individuals, often
associated with visible diffuse fluid flow. Clams and
mussels were rarely seen together. Thyasirids <18 mm in
diameter occurred in sediment among the clams. The
thyasirid shells visible on the surface reached a density of
20m~2 A temperature of 7°C was measured in diffuse
flow immediately above one of the mussel clusters. The
ambient bottom temperature was 2.8°C.

Fine structure of gills and symbionts
Family MYTILIDAE
Bathymodiolus sp. aff. puteoserpentis Cosel, Comtet, and
Krylova, 1999; cf. Bathymodiolus puteoserpentis Cosel,
Metivier and Hashimoto, 1994

The common vent mussel at Logatchev (Figure 1A)
differs in some subtle morphological characters (parti-
cularly the coiling of the intestine) from Bathymodiolus
puteoserpentis at the type locality (Snake Pit), but Maas
et al. (1999), using allozymes, found no substantial genetic
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Figure 1. Shells of Logatchev bivalves. (A) Bathymodiolus
puteoserpentis; (B) Calyptogena (Ectenagena) sp.; (C) Thyasira spp.
Scale bars: 10 mm.

divergence between the Snake Pit and Logatchev popu-
lations.

A specimen 53-mm long was examined for symbionts.
Each ctenidium has two thick demibranchs. Their
descending and ascending lamellac are made up of
ribbon-shaped filaments about 1 mm deep and <100 um
thick. The frontal region of each filament has typical
mytilid ciliation. A single series of ciliary junctions 1is
present each side of the filament, spaced at intervals of
~0.3 mm. The general morphology of the gills is very
similar to that described by Le Pennec & Hily (1984) for
Bathymodiolus thermophilus from the East Pacific Rise vents,
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Figure 2. Sections of gill filaments of Logatchev bivalves, transmission electron micrographs. (A) Bathymodiolus puteoserpentis,
bacteriocyte and intercalary cells (arrows); (B) B. puteoserpentis, large bacteria with stacks of membranes; (C) Calyptogena
(Ectenagena) sp., bacteriocyte with vacuoles full of bacteria (arrows), and intercalary cell; (D) Thyasira sp., surface of bacteriocyte
with long branched microvilli and bacteria under layer of tips of microvilli (arrows); (E) B. puteoserpentis, small bacteria and large
bacteria in separate vacuoles; (F) Calyptogena, bacteria, with sulphur vesicle; (G) Thyasira, tips of microvilli (arrows), forming a
layer covering bacteria. b, bacterium; bc, bacteriocyte; bz, bacterial zone; ca, collagenous axis; ic, intercalary cell; 1b, large
bacterium; mv, microvillus; mw, membranous whorls in vacuole; sb, small bacteria; sv, sulphur vesicle; v, vacuole. Scale bars:
A-D, 1 um; E-G, 0.5 um.
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except that the latter has four series of ciliary junctions
cach side of the filament.

The abfrontal surfaces of the filaments are covered by
a pavement epithelium formed of large, smooth-surfaced
bacteriocytes and very small intercalary cells (Figure 2A).
The apical 5-6um of the bacteriocyte cytoplasm is
crowded with bacteria-filled vacuoles. The basal regions
of the cells contain the nucleus and many large vacuoles
holding the sparse membranous remains of lysed bacteria.
The intercalary cells have a microvillar surface with
occasional short cilia. Their nuclei are in the apical region.

Two types of bacteria are present. The large type is
~1.5-3 um longx0.6-1.0 um diameter, or almost sphe-
rical and ~1.4um in diameter. They contain stacks of
intracytoplasmic membranes, typical of type I methano-
trophs, and usually occur singly, but there may be two or
three per vacuole (Figure 2B).

Small rod-shaped bacteria are usually in separate
vacuoles, singly or in small groups (Figure 2E). They
are less than 1 pum long and 0.10-0.15 pm in diameter.
One end is sometimes swollen to as much as 0.25um
in diameter. There are no obvious intracytoplasmic
membranes or vacuoles.

Counts on electron micrographs show that the two
types of bacteria occur in approximately equal numbers
in a thin section, but the difference in their sizes means
that the large oval methanotrophs occupy about a
hundred times the volume occupied by the small rods.
Both types of bacteria are present in the large phagocytic
vacuoles 1n the basal part of the bacteriocyte.

Family VESICOMYIDAE
Calyptogena (Ectenagena) sp. (Figure 1B)

This species appears to be more closely related, both
morphologically (E. Krylova, personal communication)
and genetically (R.C. Vrijenhoek, personal communica-
tion) to C. katkor from Japan than to vesicomyids known
from the western Atlantic.

The specimen examined was 100 mm long. The bulky
ctenidia were reddish brown in life, with cream-coloured
patches. Each is a single demibranch, with descending and
ascending lamellae. Within the gill lamella the filaments
are modified to form rows of cylinders arranged so that
water can flow through their bacteriocyte-lined lumina.
The basement laminae of the cylinders are enveloped in
a system of blood-filled spaces. The bacteriocytes are
accompanied by small intercalary cells, which have a
microvillar outer surface (Figure 2C). The bacteriocytes
themselves have basal nuclei and uniformly granular

Table 1. Stable isotope ratios in Logatchev bivalves.
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cytoplasm. Small and large vacuoles, full of bacteria, are
abundant in the apical part of each cell. Among them are
a few small vacuoles, with electron-dense contents, while
in the basal part of the cell there are large vacuoles
holding less dense ‘waste’ granules that appear brown
under the light microscope. Rounded spaces in the basal
part of the bacteriocyte are filled with a uniform moder-
ately electron-dense material surrounded by cytoplasmic
membrane and an extracellular lining. It is possible that
the material is blood and the spaces are extensions of the
intercylindrical blood spaces.

The bacteria are ~04-0.6um in diameter and
coccoid in shape, with occasional intracytoplasmic vesi-
cles (Figure 2F) resembling the sulphur vesicles found in
typical sulphur-oxidizing bacteria (Southward, 1986).
They do not contain stacked membranes. They resemble
the symbionts of other vesicomyids, which utilize
sulphur-oxidation as an energy source (Tuttle, 1985;
Fiala-Médioni & Métivier, 1986; Fiala-Médioni & Le
Pennec, 1988).

Family THYASIRIDAE
Thyasira (Parathyasira) sp. (Figure 1C)

Two species were present in the sample (E. Krylova,
personal communication) but only one specimen was
fixed and examined for gill bacteria. It was already
damaged and the gills had deteriorated. The microscopic
anatomy of the gill filaments is similar to that of Thyasira
flexuosa and 1. sarsi (Southward, 1986), with abundant
bacteria held in superficial blister-like structures,
supported by long microvilli and covered by the tips of
the microvilli (Figure 2D & G). The bacteria are all
short rods, 0.3-0.6 um longx0.1-0.4 um diameter. They
contain occasional intracytoplasmic vesicles, resembling

sulphur vesicles (cf. Southward, 1986, Figure 4B).

Stable isotopes of carbon and nitrogen

The results of the analyses are set out inTable 1. There is
a marked difference in "C value between Bathymodiolus
puteoserpentis and the other two bivalves. The highly
depleted values for the vesicomyid and thyasirid are in
line with data for other bivalves with thiotrophic
symbionts using ambient CO, as their carbon source.
The value for B. puteoserpentis indicates a different carbon
source, presumed to be methane of abiogenic origin (see
Lein & Sagalevich, 2000). For Thyasira the §°N indicates
a more reduced nitrogen source than in the other
bivalves.

Species Tissue SBC (%o) BN (%o)
Thyasirid Gill —34.03 —3.83
Vesicomyid Gill —36.27 1.53
Vesicomyid Foot —34.79 3.64
Bathymodiolus puteoserpentis Gill —14.30, —14.41* 1.43,1.61*
Bathymodiolus puteoserpentis Foot —14.86, —14.83* 1.87, 1.86*

*, duplicate subsamples.
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Table 2. Range of stable isotope ratios for Mid-Atlantic Ridge mussels from sites other than Logatchev.

Species Site Tissue SBC (%) 0PN (%o) Reference
Bathymodiolus Snake Pit Gill —36.8-—37.6 —15.6-—19.3  Robinson et al., 1998
puteoserpentis Foot —34.2-—-34.9 —14.8-—15.2  Robinson et al., 1998
Bathymodiolus Lucky Strike
azoricus Sintra vent Gill —14.7-—25.1 0——8.8 Trask & Van Dover, 1999
Mantle —15.7-—23.6 0.2-—6.8 Trask & Van Dover, 1999
Eiffel Tower vent Gill —28.7-—33.4 —8.9-—14.5 Trask & Van Dover, 1999
Mantle —28.9-—32.9 —7.5—-—13.1 Trask & Van Dover, 1999
Bathymodiolus azoricus ~ Menez Gwen Fatty acids —24.9-—34.9 Pond et al., 1998
Bathymodiolus azoricus ~ Rainbow close to vent  Gill —24.5-—29.0 Lein et al. (in press)
Foot —22.4--22.6 Lein et al. (in press)
Rainbow diffuse flow Gill —22.0-—26.1 Lein et al. (in press)
Rainbow no flow Gill —22.6 Lein et al. (in press)
Foot —18.4 Lein et al. (in press)

C:N:S ratio

The vesicomyid gill contained 38.5% carbon, 9.5%
nitrogen and 3.1-3.2% sulphur (dry weight); the vesico-
myid foot contained 38.6% carbon, 10.9% nitrogen and
0.9-1.1% sulphur. The amount of sulphur in the gill is
therefore about 3x that in the foot, and this adds to the
evidence of the whitish colour of the gill filaments indi-
cating elemental sulphur associated with the symbionts.
The dried samples of the mussel and thyasirid were insuf-
ficient for elemental analysis.

DISCUSSION

Bathymodiolus  puteoserpentis  from the Snake Pit
hydrothermal site is known to have two types of bacteria
in the gills: the larger ~1.5-20um in diameter,
containing stacks of intracytoplasmic membranes, the
smaller ~0.5 pm in diameter (Cavanaugh et al., 1992).
The two types of bacteria in the Logatchev Bathymodiolus
are similar to those from Snake Pit in size and fine struc-
ture, but the large type is particularly abundant in the
Logatchev mussel (numerically ~50% in a transverse
section of gill filament). The two bacterial morphotypes
in the Snake Pit mussels are phylogenetically distinct,
according to 16s rDNA sequence analysis and i situ
hybridization, one species being related to a thiotroph
and the other to a methanotroph (Distel et al., 1995).

Methanol dehydrogenase activity has been demon-
strated in the Snake Pit mussel gills (Cavanaugh et al.,
1992) and so has "C-methane utilization (Robinson
et al., 1998). The CO,-fixing enzyme RubisCo was also
detected by Robinson et al. (1998), but in their experi-
ments CO, fixation was not stimulated by sulphide or
thiosulphate, so the suspected co-existence of thiotrophy
and methanotrophy could not be confirmed. The Snake
Pit mussels analysed by Cavanaugh et al. (1992) and
Robinson et al. (1998) had stable isotope ratios ranging
from 0%C —34.2 to —37.6%0 and 0N ranging from
—14.8 to —19.3%0 (Table 2). The authors noted that the
stable carbon isotope values were within the range for
other thioautotrophic-bivalve symbioses and could there-
fore reflect carbon fixation via RubisCo, but without
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knowledge of the values for vent-derived methane it was
not clear whether the mussels relied mainly upon metha-
notrophy or chemoautotrophy.

The very different value for the Logatchev mussel (6C
—14.3, —14.6%0) is out of the range for thiotrophic
symbioses and compatible with the use of abiogenic
methane. Logatchev hydrothermal methane, sampled at
the Main mound, ~250 m away from Anya’s Garden, has
0BC —14.3%0 (Lein & Sagalevich, 2000). This value is
the same as that for the mussel, so the isotope data and fine
structure both suggest that the Logatchev specimen was
reliant chiefly on methanotrophic bacteria. It appears
that the methane concentration in the main vent fluid at
Logatchev is considerably higher than at most other vent
areas on the MAR and about equal to that at Rainbow
(Lein et al., 2001), but we have no measurements for the
diffuse sources.

It 1s not possible to determine how much nourishment
these mussels obtain by filter-feeding on suspended
bacteria, but they probably obtain some, as uptake of
carbon by filter feeding has been demonstrated in a cold-
seep Bathymodiolus species that has methanotrophic
symbionts (Page et al., 1990; Pile & Young, 1999). At
3000m depth at Logatchev the organic material in
suspension is likely to consist mainly of methanotrophic
and thiotrophic bacteria, whose stable isotope signatures
would be similar to those of the symbionts.

It is not unprecedented to find different stable isotope
ratios in one species of vent mussel. Bathymodiolus azoricus
at Lucky Strike shows a remarkable difference between
populations taken from two areas of venting only a few
hundred metres apart but fed by different hydrothermal
fluid systems (Trask & Van Dover, 1999). This difference
was demonstrated for both 6°®C and 6N (Table 2) and
was attributed by Trask & Van Dover to predominance of
thiotrophy at one particular vent (Sintra), where the BC
was more depleted (mean 6C —31.1%o), and predomi-
nance of methanotrophy at Eiffel Tower vent (mean 6”C
—22.0%o). Lein et al. (2001) found a smaller range of 6"C.
values in B. azoricus living in a variety of habitats at
Rainbow (Table 2), where the hydrothermal methane
has a 6"®C of —13.4%o. Pond et al. (1998), working with
fatty acids extracted from B. azoricus from Menez Gwen
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(Table 2), found stable carbon isotope values in the same
range as the tissue values for Eiffel Tower specimens.
They concluded from their analyses that thiotrophs and
methanotrophs contributed equally to the nutrition of
their mussel specimens. Among Bathymodiolus species
living at hydrocarbon seeps in the Gulf of Mexico there
appear to be two with dual symbionts and one with
methanotrophs alone (reviewed by Gustafson et al.,
1998). Many Bathymodiolus species from hydrothermal
vents in the Pacific Ocean have only thiotrophs (Fisher
et al., 1994; Nelson et al., 1995; Dubilier et al., 1998),
but two have methanotrophs alone and these species
live in hydrothermal vent areas where the concentration
of methane 1s unusually high (Fyjiwara et al., 2000).

The difference in nitrogen isotope ratios between Snake
Pit (Table 2) and Logatchev examples of B. puteoserpentis
(Table 1) may be compared with the corresponding
values for Lucky Strike mussels at Sintra and Eiffel
Tower (Table 2), suggesting a consistent difference in
nitrogen metabolism between thiotrophic and methano-
trophic symbionts. However, our values are still within
the wide range reported for other symbiotrophic mussels,
0PN —12.9-3.0%0 (Brooks et al., 1987; Fisher, 1995).
Ammonium assimilation and dissimilatory nitrate reduc-
tion have been detected in seep mussel methanotrophic
symbionts (Lee & Childress, 1996), and the mussel gills
have been shown to take up ammonium and dissolved
amino acids (Lee et al., 1992). Choice of nitrogen source
may depend on local availability as much as autotrophic
mechanisms.

The vescomyid clams at Logatchev have only small
coccoid bacteria as gill symbionts and they are very
depleted in BC compared with the Bathymodiolus from the
same habitat (Table 1). The cream colour in the gill indi-
cates the presence of free sulphur, and there 1s 3x as much
sulphur in the gill as in the foot, supporting the evidence
from the stable isotope value that the symbionts are thio-
trophs (Vetter & Iry, 1998). The single demibranchs distin-
guish the Logatchev vesicomyid from the apparently usual
condition of two demibranchs (e.g. Calyptogena magnifica
Boss & Turner 1980, C. pacifica and C. kilmer: Bernard
1974, C. phaseoliformis and C. laubier: Fiala-Médioni & Le
Pennec, 1988, and Ectenagena extenta Krylova & Moskalev,
1996). The multicylindrical organization of the sub-
filamentar region of the gill filaments is unexpected for a
vesicomyid. It resembles the situation in some symbiont-
containing species of Lucinidae, for which it has been
suggested that the structure may improve control of
sulphide and oxygen levels in the bacteriocytes and the
blood (Distel & Telbeck, 1987; Irenkiel et al., 1996).
The grouping of bacteria in closed vacuoles is typical of
vesicomyids in general.

The thyasirid is the least studied of the three bivalves
from Logatchev. The material was not very well preserved,
but the gill sections show large numbers of bacteria in
superficial blisters, supported by long microvilli, and
covered by microvillar tips, as found in the shallow-water
thyasirids Thyasira sarsi and T. flexuosa. These are dependent
on thiotrophic symbionts (Dando & A.J. Southward, 1986;
E.C. Southward, 1986). The Logatchev thyasirid has only
one type of symbiont, unlike two deep-water species of
thyasirid from the Bay of Biscay which have a mixture of
two types of symbiont, neither apparently methanotrophic
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(Southward, 1986). Both the thyasirid and the vesicomyid
are strongly depleted in ®C, indicating similar thiotrophic
activities and CO, sources, but the nitrogen isotope
values, negative in the thyasirid and positive in the vesico-
myid (Table 1), may indicate some difference in their
nitrogen sources, related to the animals’ depth in the
sediment.

The three bivalve species, collected within 2m of one
another, from a fairly small area of grey-black sediment,
lived in slightly different positions. The mussels were on
the surface, attached to hard objects in places where there
was visible, shimmering flow. The vesicomyids were partly
buried, with the foot able to probe into the sulphidic sedi-
ment, while the thyasirids were probably more deeply
buried, though their dead shells were visible on the
surface. Thyasirids typically bury themselves at least five
shell-lengths down, ventilating their mantle cavities via
inhalent and exhalent channels they build and maintain
with their foot. Thus the mussels would have access to
hydrothermal methane, whereas the vesicomyids and
thyasirids could obtain reduced sulphur compounds in
the sediment. Though the species’ individual behaviour is
just as would be expected, this is the first time that such an
assemblage has been found at a hydrothermal site on the
MAR, with the different faunistic elements exploiting
different energy resources.
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