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ABSTRACT- Two species of deep-sea mussels belonging to the genus Bathymodiolus were collected 
from 5 vent fields distributed over 2 basins of a hydrothermal system in the South Pacific. Free and 
bound primary amino compounds were analysed in gills and mantles using OPA-HPLC. The method 
allowed the detection of 32 amino acids and related compounds (AARCs). An undetermined free chem- 
ical was found at hlgh levels (up to 30% of the total free AARCs) In vent mussel tlssues This amino 
compound is presumed to be an end-product from specific metabolism occurnng in vent n~ussels. 
Except for this unknown compound, comparlson of the biochemical composition between vent and lit- 
toral mussels revealed that the general nitrogenous requirement as well as the endogenous metabolic 
pathways of the main amino acids seem to be similar for the 2 mussel types. Ultrastructural observa- 
tions indicated that these deep mussels harbour bacteria in their gills. Indices of high metabolic rates 
found in these organs appear to be related to the presence of endobacterial. It seems that symbionts 
could provide a preponderant fraction of essential amino acids to their host. In particular, free thiotau- 
rine displayed high concentrations (up to 13% of the total free AARCs). This sulphur-containing com- 
pound could be involved in a specific metabolism related to toxic forms of sulphur. Variations of the 
AARC composition between the 2 vent mussel species do not appear to be species related but appear 
to be due to environmental constraints. As shown by stress indices, deterioration of the physiological 
condition in these mussels is directly hnked to the quantity and/or the quality of the hydrothermal vent 
emissions. 
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INTRODUCTION 

The bivalves Mytilidae have a world-wide distribu- 
tion with a great majority of species occurring inter- 
tidally in littoral and shallow sublittoral ecosystems 
(Russell-Hunter 1983, Koehn 1991). This family, like 
most other marine invertebrates, depends for its food 
supplies on the phytoplanktonic primary production 
that constitutes the base of the general marine food- 
web (Jergensen 1990). Until recently, mussels were 
considered to be exclusively sedentary, filter-feeding 
organisms living on plankton and organic detritus 
(Bayne 1976, Allen 1983), free bacteria (Prieur 1981, 
Birkbeck & McHenery 1982) or dissolved organic 
solutes (Stephens 1972, Melaouah 1990). Discovery of 

a new fauna associated with deep hydrothermal vents 
has shown that at  least 1 genus, Bathymodiolus, can 
use another nutritional strategy (Fiala-Medioni et  al. 
1986a, Fiala-Medioni & Le Pennec 1987, Fiala-Medioni 
1988). Species of this genus were found associated 
with deep, active tectonic areas in the Atlantic and 
Pacific (Fiala-Medioni 1988). These environments, 
which often correspond to the aphotic zone, are 
depleted of photosynthetic carbon but are full of 
energy-rich chemicals and sometimes highly toxic sub- 
stances like hydrogen sulphide (H2S) or heavy metals 
(Childress & Fisher 1992). All of the Bathymodiolus 
species critically examined to date harbour autotrophic 
prokaryotes in their gill cells. These bacteria appear to 
be able to use sulphur or methane to power carbon fix- 
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ation, resulting in a net input of endobacterial carbon 
in the host tissues (Fisher et al. 1987, 1993, Fiala- 
Medioni & Felbeck 1990). Studies performed on sym- 
biotic mussels and other bivalve-bacteria associations 
show that the transfer of newly synthetized bacterial 
carbon to the host can follow 2 distinct pathways. The 
organic carbon could be translocated to the bivalve 
cells from living bacteria (Felbeck 1983, Fisher & Chil- 
dress 1986) or transferred from the symbionts to the 
host through phagocytotic processes (Fiala-Medioni et 
al. 1986b, 1989, 1994, Fisher & Childress 1992). 

Amino acids and related compounds (AARCs) 
including thioamines (such as taurine, hypotaurine or 
thiotaurine) and amino sugars (such as glucosamine or 
muramic acid) account for an important part of the liv- 
ing material. In a bound form, some of them make up 
proteins involved in cell structures and specific cellular 
activities like enzyme reactions or energy storage 
(Gabbott 1976, Lehninger 1981, Phillips 1984). Free 
amino acids are found in high concentrations in the tis- 
sues of marine invertebrates where they act mainly as 
osmotic regulators of the cells (Livingstone et al. 1979, 
Shumway & Youngson 1979, Bishop et al. 1983). In 
addition to these general features, some authors have 
suggested that in bacteria-bivalve symbiotic models, 
specific compounds with low molecular weights such 
as free amino acids could play a role in energetic 
(Fiala-Medioni et al. 1986b, Alberic & Boulegue 1990) 
or nutritive transfers (Felbeck & Childress 1983) 
between endosymbionts and their hosts as well as in 
detoxification mechanisms (Alberic 1986, Alberic & 

Boulegue 1990). 
Analysis of AARC composition can allow the bio- 

chemical plasticity of these marine organisms to be 
defined and the variation in their biochemical compo- 
sition according to nutritional strategy to be estimated. 
AARC analysis was performed both in symbiotic and 
heterotrophic mussels in order to characterize endo- 
bacterial markers and to detect specific putative amino 
compounds involved in the relationships between 
symbiotic bacteria and their hosts. 

MATERIALS AND METHODS 

Station locations and description. Specimens of 
Bathyrnodiolus were collected in the hydrothermal 
vent fields of the back arc basins in the South Pacific 
during the 'Biolau' (Lau Basin, 1989) and 'Yokosuka' 
cru.ises (North Fiji Basin, 1991). 

Three sites in the Lau Basin were sampled. The first 
site was a hot site, Vailili Field (22" 13 'S,  176" 36' W; 
1707 to 1764 m), which is one of the most active hy- 
drothermal fields known. Temperature of the fluids 
venting from black and white smokers exceeded 350°C, 

pH was about 2 and salinity was higher than that of sea 
water (Fouquet et al. 1991, Ishibashi et al. 1994). The 
temperature of the water surrounding the mussels and 
bispecific gastropod clumps, located at the basis of the 
smokers, ranged from 2 to 33°C (Desbruyeres et al. 
1994). The second site sampled was a warm site, Hine- 
Hina (22" 32' S, 176" 43' W; 1832 to 1887 m) located 
50 km further south on the Valu Fa Ridge. It was char- 
acterized by the absence of smokers; the temperature 
around the mussel beds fluctuated from 1.6 to 18.7"C 
(Desbruyeres et al. 1994) and the surrounding sea water 
showed methane enrichment of up to 4.4 nl l- '  (Fouquet 
et  al. 1991). Lastly, to the south of the Hine Hina site a 
cold site, Site Sud (1885 m), was also sampled; at this 
site, fluids around mussels were at  ambient water tem- 
perature (Desbruyeres et al. 1994). 

In the North Fiji Basin, samples were collected at  
2 sites. The first one, Kayo (16" 59' S, 173" 43' W; 
1977 m), was characterized by intensive emissions of 
fluids with high temperatures (296"C), strong HpS con- 
centrations (4.0 rnrnol kg-') and pH of the end member 
fluids of about 4.7 (Ishibashi et al. 1994). Fauna at the 
basis of the smokers was composed of high biomasses 
of symbiotic bivalves and gastropods. The second site, 
Sunset (18" 49' S, 173" 30' W; 2716 m), seemed to be in 
a phase of declining activity .with cold fluxes of water 
(about 5°C) seeping through patches of living mussels 
surrounded by numerous empty shells. 

Mussels collected at  the 3 sites of Lau Basin and at 
Kayo were identified as Bathymodiolus brevior and 
those collected at Sunset as B. elongatus (Von Cosel et 
al. 1994). 

The filter-feeding bivalve Mytilus gallopro~incialis 
was used as a reference and sampled at a depth of 
20 m in the Golfe du Lion in the western Mediter- 
ranean Sea, Banyuls (France). 

Sample extraction. The mantles and gills of the mus- 
sels were dissected immediately after arrival on board. 
Samples were fixed and kept in liquid nitrogen until 
reaching the laboratory where they were freeze-dried. 

Free AARC extraction was performed by adding 
500 p1 of iced 70% ethanol and 100 p1 of 1.5 mM 
homoserine (as an internal standard) to 30 mg of 
ground tissue. After extraction for 1 h on ice, the solu- 
tion was centrifuged at  12500 rpm (10000 X g) for 
10 min. The supernatant was then removed and placed 
under vacuum. After evaporation, the free AARC pel- 
lets were diluted in distilled water and filtered on 
0.2 pm pore size membranes. 

Total AARC extraction was performed by adding 
1.5 m1 of 6 N hydrochloric acid and 100 p1 of 3.3 mM 
homoserine to 5 to 7 mg of ground tissue in hydrolysis 
tubes. After hydrolysis under vacuum at 100°C for 
24 h, 1.5 m1 of 6 N NaOH was added, 1 m1 of this solu- 
tion was then removed and mixed with 2 m1 of 0.4 M 
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pH 8. The buffered solution obtained was fil- 
tered on 0.2 pm pore size membranes. 

During hydrolysis, asparagine and glutamine were 
converted into aspartate and glutamate respectively 
so, in this study, hydrolysed aspartate represents the 
sum of aspartate and asparagine and hydrolysed gluta- 
mate the sum of glutamate and glutamine. Because of 
its lability under hydrochloric acid, tryptophane is not 
mentioned among the total AARC. 

Differences between hydrolyzed and free AARCs 
were assumed to be measurements of bound AARC 
associated with either intact or large fragments of pro- 
teins or other polypeptidic structures. 
HPLC analysis. All the solvents and salts were of ana- 

lytical-reagent grade. Amino acids and other amino 
compounds were purchased from Sigma Chemical Co. 

A mobile binary phase system was used for this 
study. Solvent A was tetrahydrofuran-methanol-0.05 M 
sodium acetate pH 6.8 (0.5:19.5:80, by vol.); solvent B 
was methanol-0.05 M sodium acetate pH 6.8 (812, by 
vol.). The gradient is given in Table 1. Flow rate was 
1 m1 min-l. The derivatization was conducted accord- 
ing to Mopper & Lindroth (1982). The methanolic solu- 
tion was made by dissolving 50 mg ophthalaldehyde 
(OPA) in 1 m1 of methanol plus 50 1-11 of mercapto- 
ethanol. The procedure for derivatization was as fol- 
lows: 100 p1 of standard mixture or biological sample 
were mixed with 10 p1 of 1 mM S-methylcystein (SMC) 
as an external standard and 405 p1 of 0.8 M boric acid 
at pH 9.5; 5 p1 of the methanolic solution and 5 p1 of 
0.8 M borate buffer at pH 12.5 were then added. This 
solution was mixed thoroughly and, 2 min after the 
start of the derivatization, 100 p1 were injected into a 
C18 reverse-phase column (T = 32°C). AARCs were 
detected by fluorescence (360 nm for excitation and 
455 nm for emission). 

Transmission electron microscopy. After dissection, 
gill samples were fixed with glutaraldehyde (final con- 
centration 3%)  in 0.4 M cacodylate buffer at pH 7.8. 
After rinsing in the same buffer, they were post-fixed 
in osmium tetroxide (final concentration l%) ,  dehy- 
drated in a graded ethanol series followed by propy- 
lene oxide, embedded in Epon, and sectioned for 
transmission electron microscopy (TEM). The sec- 
tioned material was stained with uranyl acetate and 
lead citrate. A Jeol 100 CX transmission microscope 
was used for the observations. 

Table 1. Elutlon gradient of the binary phase system used for 
the HPLC analysis 

Eluent A (%) 0 10 10 14 14 50 50 100 0 

Time(min) 2.1 5.1 17 20 25 30 34 52 62 

RESULTS 

AARC composition of Mytilus galloprovincialis 

The composition of bound AARCs (Table 2) was 
quite homogeneous. Bound AARC concentrations 
ranged from 1754 pm01 g-' dry wt for the mantles to 
2744 pm01 g-' dry wt for the gills. The proportion of 
each compound was very similar in gills and mantles. 
Percentages varied between 1.05 % (glucosamine) and 
17.47 % (aspartate), with percentages above 10 % 
being found for aspartate, glycine and glutamate. 
Essential amino acids (EAAs) accounted for 39.34 % 
(gills) and 41.31 % (mantles) of the total bound AARC 
concentration. 

The total free AARC concentration ranged from 
616 pm01 g-' dry wt (gills) to 710 pm01 g-l dry wt (man- 
tles). The free AARC composition (Table 3) was char- 
acterized by the predominance of taurine, glycine and 
alanine, accounting for 80.35 % of the total free AARC 
concentration in gills and 64.06% in mantles. Aspar- 
tate, glutamate, hypotaurine and arginine were all 
greater than 1 %, both in gills and mantles. The sum of 
EAAs was higher in mantles (15.12%) than in gills 
(4.41 %). Arginine and threonine represented the most 
important proportions of the EAAs, and tryptophane 
and methionine the minor ones. Two specific com- 
pounds were detected: traces of the bacterial amino 
acid P-aminoglutarate (both in gills and mantles) and 
the thiosulphonic amine thiotaurine (the percentage of 
this ranged from 0.06 % of the total free AARC concen- 
tration for mantles to 0.23 % for gills). The thiotaurine: 
thiotaurine + hypotaurine ratio (Fig. 1) was very low 
both in gills and mantles (0.06 and 0.03, respectively). 

The taurine :free glycine ratio (Table 3) was higher 
in gills (3.44) than in mantles (1.20). Organ distribution 
was reversed for the threonine + serine concentration 
(8.26 pm01 g-' in gills and 60.96 pm01 g-' in mantles; 
Table 31. 

AARC composition of Bathymodilus spp. 

The bound AARC composition (Table 2) of all the vent 
mussels was very stable and similar to those of the filter- 
feeding mussels. Concentrations ranged from 2699 to 
3472 pm01 g-' dry wt for gills and from 2346 to 4219 
pm01 g-' dry wt for mantles. The sum of the EAAs varied 
from 36.93 to 43.03 % of the total bound AARC concen- 
tration for gills and from 41.39 to 42.62% for mantles. 
Among the putative bacterial bound AARCs, no 
diaminopimelate or lanthionine was detected. Glu- 
cosamine concentrations in gills were higher in vent 
mussels than in littoral mussels (from 1.30 to 2.61 pm01 
g-' dry wt in vent mussels) and lower for mantles (traces 
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T T A U  : 
TTAUcHYPT 

Gills 

IJ Mantles 

In all the vent mussel samples, the free tau- 
rine : free glycine ratio (Table 3) was higher in 
gills than in mantles. Values were homogeneous 
for all the sites except for Sunset where the ratio 
found was higher. The threonine + serine con- 
centrations (Table 3) displayed the same pattern: 
values were higher in gills than in mantles and 
were sirmlar between sites, except for the vent 
mussels collected at  Sunset. For the latter sam- 
ples, the threonine + serine concentration was 
lower than in the other vent mussels. This differ- 
ence was particularly pronounced in gills. 

DISCUSSION 

Banyuls Hine H ~ n a  Vailili Field S ~ l e  Sud Kayo Sunset General features common to all mytilids 

M I V I I L I ~  Lau Basin Nonh F~d j i  B a ~ l n  
The composition of the most common free and 

Bofh~niodiolus bound AARCs of vent mussels is globally similar 
to that previously reported for littoral mytilids 

Fig. 1. Thi0taunne:thiotaurine + hypotaurine ratio for the littoral (Livingstone et al. 1979, Shumway & Youngson 
mussel Mytilus galloprovincialls (Banyuls) and for deep hydrother- 1979, Aftab 1988, Zhang et 1991). 
mal vent mussels Bathyrnod~olus brevior and B. elongatus collected 
at 3 sites of the Lau Basin (Hine Hina, V&i Field and Site Sud) and 

Bound AARC ratios show weak intra- and 

2 sites of the North Fiji Basin (Kayo and Sunset) inter-specific variability among all the samples 
analyzed in this study; this homogeneity is very 
clear with respect to the sum of bound EAA 
percentages. These values are consistent with 

pattern in vent mussel tissues as in littoral mussel tis- other studies pointing out that marine invertebrates 
sues. In all the vent mussels, tryptophane was found in exhibit fairly consistent bound EAA distribution in 
lower proportions, while arginine displayed the major their tissues (Phillips 1984). The fact that bound EAAs 
percentages with very stable values in both gills and occur in similar quantities in symbiotic and filter-feed- 
mantles (from 2.66 to 3.46% of the total free AARC). ing mussels or in other heterotrophic marine inverte- 
When the proportions of the other free EAAs were very brates indicates that physico-chemical data of the envi- 
low (see vent mussels collected in the North Fiji Basin), ronment and feeding strategies have little effect on 
arginine represented the main proportion of this group general biochemical composition, and therefore on the 
of compounds. basic nitrogen needs, of marine invertebrates. 

Among the free sulphur AARCs, cysteine was not Free AARC composition is characterized by a pre- 
measured in all the samples, but available values for dominance of taurine, glycine and alanine. These 
the vent mussels are of the same order as those of AARCs have been reported to play an important role in 
filter-feeding bivalves. The percentage of methionine osmotic regulation mechanisms (Baginski & Pierce 
followed the same pattern as the other EAAs and was 1977, Livingstone et al. 1979, Shumway & Youngson 
not signif~cantly different from the percentage found 1979). Compared to Mytilus, a high proportion of free 
in Mytilus galloprovincialis tissues. Thiotaurine was glycine is observed in Bathymodiolus spp. tissues, 
present in high proportions in gills of the symbiotic this amino acid is known to have a rapid turn-over 
mussels (from 0.35% for Sunset site mussels to 13% compared to that of taurine (Baginski & Pierce 1975, 
of the total free AARC for those of Site Sud). Values 1977, Livingstone et al. 1979). Differences in the 
of this thiosulphonic compound varied more in vent taurine . glycine ratio between littoral and vent mussels 
mussel tlssues than the mean values of other amino could be explained by the fact that bivalves living near 
compounds and also more than the values of this hydrothermal vents can be momentarily exposed to 
compound in littoral mussel tissues. Except for mussels short-term salinity variations. In this case, the fast 
collected at Sunset, the thiotaurine: thiotaurine + osmoregulation response of glycine is more appropn- 
hypotaurine ratio in gills (Fig 1) was significantly ate than that of taurine, the metabolism of which 
higher in vent mussels than in littoral mussels, with corresponds mainly to long-term salinity fluctuations 
maximal values observed in Lau Basin samples. specific to littoral environments. 
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Some authors consider the preponderant organic 
osmoregulators to be metabolic end-products of the 
bivalve metabolism (Campbell & Bishop 1970, Allen 
& Garrett 1971, Bayne et al. 1985). The fact that they 
constitute the greater part of the free AARC pool, both 
in filter-feeding and in symbiotic bivalves, indicates 
that despite their difference in nutritional strategies, 
the general nitrogenous metabolic pathways involved 
in these mytilids are similar. 

Endosymbiotic bacterial markers 

Traces of free P-aminoglutarate were detected in 
Bathymodiolus tissues; this compound is considered to 
have a prokaryotic origin (Henrichs & Cuhel1985) and 
has been used as a marker of some free (Mopper & 
Dawson 1986) or symbiotic (Dando et al. 1986) bacter- 
ial presence. As low levels were observed in the sym- 
biotic mussels, both in gills and mantles, and as filter- 
feeding bivalves also contained small amounts of this 
compound, probably related to free living bacteria 
ingestion or gut microflora production, P-aminoglu- 
tarate cannot be considered here as a specific marker 
of endobacteria associated with the vent nlussels. 

Amino acids like lysine, diaminopimelate, lanthion- 
ine or ornithine as well as specific amino sugars like 
muramic acid and glucosamine make up the eubacter- 
ial cell wall, called peptidoglycan (Schleifer & Kandler 
1972, Braun et al. 1973, Brack et al. 1984, Hartmann & 
Konig 1990). A high level of free diaminopimelate was 
found In all the organs of the synlbiotic giant clam 
Calyptogena inagnifica from a hydrothermal vent site 
at the Galapagos rift (P. Alberic pers. comm.). Bacteria 
associated with the 2 Bathymodiolus species analyzed 
in this study do not present peptidoglycan made up of 
such a specific compound or of its sulphured homo- 
logue, lanthionine. Although muramic acid occurs in 
all eubacterial species, it could not be taken as evi- 
dence in this study because it eluted with the same 
retention time as the unknown compound X2. On the 
other hand bound glucosamine was detected in all the 
bivalves analyzed. This compound occurs in both 
eukaryotic and prokaryotic cells (Lehninger 1981) but 
it constitutes an important part of the cell wall of 
microorganisms (Schleifer & Kandler 1972, Hebeler & 
Young 1976). While in Mytilus galloprovincialis the 
same amounts of bound glucosamine were found in 
gills and mantles, in Bathymodiolus spp, from Lau 
Basin, amounts in gills were about 4 to 5 times higher 
than in mantles. We assume this difference between 
organs to be related to endobacterial presence in the 
gills of vent mussels. This hypothesis is supported 
when the levels of glucosamine in vent mussel gills are 
compared: the weakest levels of this compound were 

found in gills of Sunset mussels which correspond with 
vent mussels having the lowest endosymbiotic biomass 
as observed in TEM (Fig. 2) .  

Free AARC composition of synlbiotic mussel gills is 
closely related to that of non-symbiotic mussel mantles 
while free AARC composition of symbiotic mussel 
mantles is similar to that of non-syn~biotic nlussel gills. 
Gills of filter-feeding bivalves are mainly food collect- 
ing and gas exchange structures (Jerrgensen 1990). In 
contrast, mantles present high rates of synthesis and 
important storage potential for synthetized or assimi- 
lated substances (De Zwaan & Van Marrewijk 1973, 
Bayne et  al. 1976, De Zwaan 1983). The inversion of 
the gill-mantle characteristics between littoral and 
vent mussels appears to be related to the presence of 
endosymbionts in vent mussel gills. This fact is partic- 
ularly clear when the sum of free EAAs is analysed. 
Most bacteria synthetize EAAs; e.g. these compounds 
account for about 60% of the free AARCs of 
Escherichia coli (authors' unpubl. results). It is gener- 
ally accepted that enteric microbes present in animals 
could potentially supply some EAAs to their host 
(Phillips 1984). In the littoral mussel, the higher levels 
of free EAAs in mantles than in gills could be related to 
the important metabolic function of this organ. In the 
vent mussels, the higher proportion of free EAAs in 
gills than in mantles is probably related to the pres- 
ence of bacterial symbionts. In contrast with the filter- 
feeding bivalves, vent mussel gills appear to be organs 
where important syntheses occur through endosymbi- 
otic metabolism. 

Specific component related to vent mussel metabolism 

The unknown compound X2 was detected in both 
species of vent mussels, irrespective of geographical 
location or sampling site. As no trace was found in lit- 
toral mussel tissues, in other synlbiotic bivalves such as 
vesicomyid and lucinid clams or in synlbiotic gas- 
tropods collected at the same sites (authors' unpubl. 
results), this compound appears to be specific to the 
Bathymodiolus genus. The fact that X2 concentrations 
were higher in mantles where no symbiotic bacteria 
occur and that the mantle is the site of most syntheses 
in bivalves (Bayne et al. 1976, De Zwaan 1983) sup- 
ports the idea that this compound is related to bivalve 
metabolism more than to endobacterial syntheses. This 
hypothesis is endorsed by the fact that higher propor- 
tions of the unknown compound were found in the tis- 
sues of vent mussels collected at  the less active sites 
(i.e. Sunset) where the bivalves presented the smallest 
symbiotic biomass in gills (Fig. 2) and where endosym- 
biotic contribution to the nutrient supply of the host is 
probably less important than at  the other sites. The 
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unknown compound X2 was present in vent mussel 
tissues only in free form and highest percentages were 
found in specimens depleted of the 3 main amino com- 
pounds (taurine, glycine and alanine) related to 
osmoregulation mechanisms. Comparison between 
Mytilus galloprovincialis gills and Bathymodiolus spp. 
mantles and vice versa shows that the sum of taurine, 
glycine, alanine and X2 in vent mussel tissues is quite 
similar to the sum of the 3 main compounds in the 
tissues of littoral mussels. If we consider that the main 
amino compounds involved in osmotic mechanisms are 
metabolic end-products (Campbell & Bishop 1970, 
Allen & Garrett 1971, Bayne et al. 1985), it can be 
assumed that the unknown compound X2 is an end- 
product (therefore with a weak energy potential) of a 
specific metabolic pathway of the Bathymodiolus spp. 
bivalves. 

Evidence of metabolism related to sulphur 

Symbiotic mytilids are a group variable with respect 
to the symbionts they harbour (Fisher et al. 1987, 1993). 
According to the geological context and the chemical 
availability, methanotrophic or sulphur-oxidizing endo- 
symbiotic bacteria or both have been described in 
different mussel species (Cavanaugh et al. 1992, Fisher 
et al. 1993). To our knowledge, most of the hydro- 
thermal vent mussels described until recently have 
sulphur-oxidizing bacteria in their gills. Although the 
source of thiosulfate is a point which has to be clarified, 
because no determinations of this anion in vent water 
have been reported, Belkin et al. (1986) and Fisher et 
al. (1987) have shown that this chemical stimulates car- 
bon fixation in hydrothermal and cold seep mussels 
bearing sulphur-oxidizing bacteria. 

Among the sulphur-containing organic compounds 
analyzed in this study, methionine and cysteine of 
Bathynlodiolus spp. tissues do not present values signif- 
icantly different from those of Mytilus galloprovincialis 
and high taurine rates might be related to osmoregula- 
tion mechanisms. However, thiotaurine values are sig- 
nificantly higher in Bathymodiolus spp. tissues than in 
those of M. galloprovincialis, especially in gills. High 
levels of this compound were also detected in tissues 
of the tube worm Riftia pachyptila (Alberic 1986), and 
the giant clam Calyptogena magnifica (Alberic & 
Boulegue 1990), which are both invertebrates living in 
sulphur-rich areas, associated with sulphur-oxidizing 
bacteria. As a result, thiotaurine appears to be a general 
and characteristic feature of symbiotic associations 
based on sulphur-oxidizing processes. 

The 2 Bathymodiolus species display a strong vari- 
ability of thiotaurine values compared with other free 
AARCs and with thiotaunne concentrations in Mytilus 

galloprovincialis. High concentrations and great vari- 
ability support the idea that this compound is involved 
in a specific and fast turn-over metabolism, different 
to that involved in osmoregulation mechanisms. Al- 
though the catabolic route for taurine and hypotaurine 
has not been established in filter-feeding bivalves, the 
gut and its microflora could be both the source and site 
of their catabolism (Awapara 1976, Bishop et al. 1983). 
On the other hand, formation of thiotaurine as a by- 
product of these processes has been reported (Allen & 

Garrett 1971, Cavallini et al. 1979). In symbiotic mus- 
sels, autotrophic bacteria could support these synthe- 
ses and, as previously proposed by Alberic & Boulegue 
(1990), reversible trans-sulphuration reactions be- 
tween sulphinics (hypotaurine) and thiosulphonics 
(thiotaurine) may actively participate in the transport 
of reduced forms of sulphur within the tissues. In this 
case, endosymbiotic bacteria might help the bivalves 
to live in a toxic environment, providing substances 
like hypotaurine able to bind toxic sulfhydryl groups to 
give inactive sulphured organic compounds like thio- 
taurine. Accumulation of thiotaurine in gill tissues 
could then serve as energy for the sulphur-oxidizing 
bacteria associated with symbiotic mytilids. Under this 
hypothesis, the thiotaurine : thiotaurine + hypotaurine 
ratio (Fig. 2 )  could reflect the availability of reduced 
organic compounds enriched with sulphur. This ratio 
should indicate, in the gills of Lau Basin mussels, a 
good potential supply of highly energetic compounds 
for the thiotrophic endosymbionts. 

Variation of the physiological condition index 
in the vent mussels 

Fisher & Childress (1992) consider that among marine 
habitats 'the chemical environment of hydrothermal 
vents is most comparable to highly polluted habitats'. 
Several authors have tried to correlate AARC composi- 
tion of marine invertebrates to a stress situation such as 
anthropogenic inputs or other drastic variations of the 
environmental conditions. Some indices have been 
suggested to be of use in describing deterioration of 
physiological conditions. Jeffries (1972) found that the 
total free amino acids as well as the taurine : free glycine 
molar ratio in tissues of Mercenaria mercenaria could 
be used as stress indices, the former decreasing and the 
latter increasing with stress. In Crassostrea gigas 
tissues, Riley (1980) recorded a significant correlation 
between the decrease in the total percentage of free 
EAAs and an increase in starvation time. Free threonine 
+ senne concentration has also been proposed as a 
stress indicator by Bayne et al. (1985); in this case, low 
values of the sum of these amino acids indicate a deteri- 
oration of environmental conditions. 
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Because most of these studies have been empirical 
and have not investigated the fate of the compounds, 
stress index comparison between such dissimilar 
bivalves as shallow filter-feeding and deep symbiotic 
mussels appears delicate. Nevertheless a general fea- 
ture is that most of these index values in gill vent mus- 
sels are closely related to those of littoral mussel man- 
tles and vice versa. If this concordance is kept in mind, 
values of the total free AARC and the sum of free EAAs 
in Bathymodiolus brevior tissues reveal the good nutri- 
tional quality of the symbiotic associations compared to 
the filter-feeding bivalve. 

Among the free EAAs, arginine is found in the high- 
est proportions and this in all types of mussels, in gills 
as well in mantles. Little is known on arginine metabo- 
lism in molluscs; in most mammals, this compound is 
considered to be an essential amino acid because its 
rate of formation is too slow to satisfy the requirement 
for protein synthesis (Gabbott 1976). The guanidino 
group of arginine can be used in a series of transamid- 
inase reactions for the biosynthesis of a number of 
putative phosphogens. For this reason, this amino acid 
plays a central role in the metabolic economy of most 
molluscan species (Bishop et al. 1983). The high con- 
centrations of this compound in vent mussels seem to 
indicate the good nutritional status of these bacteria- 
bearing bivalves. 

In the Lau Basin, differences in hydrothermal activ- 
ity are obvious, with 1 site (Hine Hina) showing strong 
activity characterized by the presence of high temper- 
ature smokers and a high and diversified biomass of 
symbiotic invertebrates including mussels and 2 gas- 
tropod species. Fifty kilometres further south, at  the 2 
low temperatures sites (Vailili Fields and Site Sud), 
activity seemed less intensive. These sites are distin- 
guished from Hine Hina by an absence of smokers and 
symbiotic gastropods. Stress indices as well as free and 
bound AARC composition of all the mussels collected 
at  Lau Basin are qualitatively and quantitatively very 
similar. These similarities seem to indicate that chemi- 
cal conditions and/or symbiotic bactena species associ- 
ated with Bathymodiolus breviorare the same for the 3 
sites of Lau Basin despite different external manifesta- 
tions of hydrothermal activity. 

In the North Fiji Basin, although the Bathymodiolus 
specimens collected at Sunset belong to a species other 
than that of the highly active Kayo site, high stress 
index values in Sunset mussels seemed due to environ- 
mental conditions. In situ observations indicate very 
poor hyd.rotherma1 activity at Sunset with only a few 
cold water seepages and patches of living mussels sur- 
rounded by numerous empty shells. This site could 
correspond to a declining stage of the Mussel Valley 
site (described in Desbruyeres et al. 19941, discovered 
2 yr before during the Starmer Cruise. Compared with 

Kayo mussels, Sunset n~ussels presented very thin 
mantles with an emaciated appearance and weaker 
lipid reserves (authors' unpubl. results). Gill cells of 
these mussels were composed of numerous empty vac- 
uoles with less endobacteria than in the gills of Kayo 
mussels (Fig. 2). The low total free amino acid pool, the 
sum of the free EAAs and those of the threonine + ser- 
ine concentrations reflect this poor physiological state 
probably related to starvation. 

Mussels collected at the Kayo site of the North Fiji 
Basin and at the 3 sites of the Lau Basin belong to the 
same species. Nevertheless comparison of the stress 
indices (i.e. the sum of the total free AARC, of the 
EAAs and those of the threonine and serine concentra- 
tions) indicate that the Bathymodiolus spp. from Lau 
Basin were in better condition than those from Fiji 
Basin. Distinction between basins was marked with B. 
brevior from Kayo and deeply evident with B. elonga- 
tus from Sunset. Three hypotheses could explain the 
differences observed between the 2 basins. (1) Some 
authors have shown the vent mussels to be able to use 
an heterotrophic nutritional strategy (Fiala-Medioni et 
al. 1986b, Fiala-Medioni 1988, Page et al. 1991). In the 
Lau Basin, the organic carbon concentration of the 
surrounding water would be higher than in Fiji Basin, 
allowing a nutritional supply by filtration. (2) Hydro- 
thermal waters venting from Fiji Basin would be 
enriched with more toxic compounds than those of Lau 
Basin. (3) Supply of energetic compounds like sulphide 
or thiosulfate would not be sufficient in Fiji Basin (low 
concentrations or weak hydrothermal flux) to support 
an optimal development of the symbiotic bacteria. The 
2 basins are at  the same depth and are within the same 
reach of the coast. Thus, the biochemical differences 
do not seem to be due to variations in the exogenous 
organic carbon supply between the 2 basins, but 
mostly due to the chemical quality of the vents or to the 
bacterial strain associated with the vent bivalves. In 
the North Fiji Basin, Ishibashi et al. (1994) noticed 
some fluctuations in water chemical composition 
between 2 sites prospected 150 m apart from each 
other They suggested that sub-seafloor fluid-rock 
interactions after phase segregation could consider- 
ably modify fluid composition. Although fluids venting 
in both Lau and North Fiji Basins belong to the same 
hydrothermal system, each site could offer specific 
chemical conditions (like the amount of energetic or 
toxic compounds), allowing different developments 
of the symbiotic associations. If this is the case, the 
great homogeneity of the mu.ssel AARC composition 
collected at the 3 sites of Lau Basin suggests that fluids 
venting from these sites are chemically similar. 
Although hydrothermal activity was high at the Kayo 
site, stress index values of mussels collected in the 
North Fiji Basin seem to indicate that this basin offers 
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less favourable conditions to the symbiotic bivalves 
than the Lau Basin. 
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