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Problem

Although hydrothermal vent environments are character-

ized by extremely high temperatures, low oxygen and are

rich in potentially harmful chemical species, mainly

hydrogen sulphide (H2S), methane (CH4) and heavy

metals (Mn, Fe, Cu, Zn, Ag and Cd), they are paradoxi-

cally home for some luxuriant animal communities
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Abstract

The vent mussel Bathymodiolus azoricus is the dominant member of the Nor-

thern Mid-Atlantic Ridge (MAR) hydrothermal megafauna, and lives in an

environment characterized by temporal and spatial variations in the levels of

heavy metals, methane and hydrogen sulphide, substances which are known to

increase reactive oxygen species levels in the tissues of exposed organisms.

To evaluate the effects of two contrasting hydrothermal environments on the

antioxidant defence system of this vent mussel species, a 2-week transplant

experiment was carried out involving mussels collected from the relatively deep

(2300 m), and chemical rich, Rainbow vent field. These were transplanted to

the shallower (1700 m), and relatively less toxic, Lucky Strike vent field.

To achieve this objective, levels of superoxide dismutase, catalase (CAT), total

glutathione peroxidase (GPx), selenium-dependent glutathione peroxidase and

lipid peroxidation (LPO) were measured in the gills and mantle tissues of resi-

dent and transplant mussels before and after the transplant experiment. With

the exception of CAT, the gills of the transplanted mussels had significantly

higher antioxidant enzyme activity compared with the basal levels in the donor

(Rainbow) and recipient (Lucky Strike) populations; whereas the antioxidant

enzyme levels in the mantle tissues of the transplants reflected the baseline lev-

els of activity in the native Lucky Strike mussels after 2 weeks. In contrast,

LPO levels were significantly higher in both tissue types in the transplants than

in either the source or the recipient populations, which suggested a response to

hydrostatic pressure change (note, the transplant animals were brought to the

surface for transportation between the two vent fields). The fact that the Rain-

bow mussels survived the transplant experience indicates that B. azoricus has a

very robust constitution, which enables it to cope behaviourally, physiologically

and genetically with the extreme conditions found in its naturally contaminated

deep-sea environment.
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(Lonsdale 1977; Corliss et al. 1979). The mussel Bathymo-

diolus azoricus is one of the most common species at

MAR vents sites and its capacity to survive in a metal-

rich and highly variable environment has been extensively

studied over the past decade (e.g. Cosson 1997; Géret

et al. 1998; Pruski & Dixon 2003).

During recent years, measurement of chemical com-

pounds (metals and others) in pure end-member hydro-

thermal vent fluids was able to better characterize the

extreme environmental conditions of the vent sites

(Table 1). A large range of temperature (185–324 �C) and

pH (3.4–5.0) is observed in Lucky Strike fluids compared

with other Mid-Atlantic Ridge vent sites (Douville et al.

2002) (Table 1). Lucky Strike is relatively depleted in CH4

(0.5–0.97 mm), while high concentrations of H2S (0.6–

3.4 mm) are present in the fluids compared with Rainbow

(Douville et al. 2002). Lower metal content is found in

Lucky Strike fluids than those found in Rainbow, parti-

cularly for Ag (4.7–25 nm), Cd (18–79 nm), Cu

(2–30 lm), Fe (70–920 lm), Mn (77–540 lm) and Zn

(2–40 lm) (Douville et al. 2002) (Table 1). On the other

hand, Rainbow hydrothermal fluids are uniform in com-

position and influenced by phase separation (Douville

et al. 1997, 1999). Fluid temperature in Rainbow is higher

(365 �C) compared with Lucky Strike, just beneath the

boiling point at that depth, extremely acidic (pH ¼ 2.8)

and relatively low in H2S content (1.0 mm) (Table 1)

(Douville et al. 2002). The metal concentrations observed

in Rainbow fluids are the highest observed in the MAR

hydrothermal area, particularly for Ag (47 nm), Cd

(130 nm), Cu (140 lm), Fe (24000 lm), Mn (2250 lm)

and Zn (160 lm), which are several fold higher than

those found in Menez-Gwen and Lucky Strike fluids

(Douville et al. 2002) (Table 1). However, B. azoricus

does not live near the emission of pure vent fluids, but

rather in diffuse venting areas, and therefore experiences

much less harsh conditions. In this context, the character-

ization of the fluids that surround the mussel beds is bet-

ter described in Desbruyères et al. (2001) and reflects

how microhabitat fluids can differ from pure end-mem-

ber fluids. The concentrations of metals in the mussel

beds are considerably lower than those reported for the

end-member fluids (Desbruyères et al. 2001).

Oxidative stress is generally defined as a disruption of

the balance between the levels of oxidants (reactive oxy-

gen species – ROS) and reductants (antioxidants) in the

organisms (Granot & Kohen 2004). ROS include a variety

of both radical and non-radical molecules that can be

produced under natural conditions but are frequently

enhanced by the presence of toxic compounds (Matés

2000). To avoid ROS-induced injury to tissues, a complex

antioxidant system, consisting of both enzymatic and

non-enzymatic defences, has evolved. Traditionally, anti-

oxidants have been defined as substances that prevent the

formation of ROS or other oxidants, scavenge them, or

repair the damage they cause (Sies 1991; Halliwell 1995).

Metals, as well as other toxic compounds like hydrogen

sulphide and methane present in hydrothermal vents, are

known to increase the production of ROS. These include

the superoxide anion radical (O��2 ), hydrogen peroxide

(H2O2) and the highly reactive hydroxyl radical (OH•)

(Darley-Usmar et al. 1995), which are subsequently

detoxified by antioxidant enzymes such as superoxide

dismutase (SOD), catalase (CAT) and glutathione peroxi-

dases. SOD converts O��2 to H2O2, CAT converts H2O2

to water present in peroxisomes and glutathione peroxi-

dase (GPx) detoxifies H2O2 and organic hydroperoxides

produced by lipid peroxidation (LPO) present in mito-

chondria and in the cytosol.

This pro-oxidant/antioxidant balance and detoxification

of potentially damaging ROS is crucial for cellular home-

ostasis (Winston & Di Giulio 1991; Livingstone 2001).

The antioxidant defences in B. azoricus from five hydro-

thermal vent sites near Azores Triple Junction were

recently found to be tissue-specific and site-dependent,

reflecting the importance of the environmental metal con-

centrations in the oxidative status of these mussels

(Bebianno et al. 2005). Also, the exposure of B. azoricus

to ROS-inducing metals (Cd, Cu and Hg) in controlled

laboratory experiments proved to interfere with antioxid-

ant protection in these bivalves (Company et al. 2004,

2006). However, the capacity of B. azoricus to respond to

environmental changes in situ was never assessed. There-

fore, the aim of the present study was to evaluate the

Table 1. Temperature, pH and concentration of chemical species in

the end-member fluids of two different MAR vent fields (Lucky Strike

and Rainbow) compared to average seawater (adapted from Douville

et al. 2002).

Site

Lucky Strike

37�17¢ N, 32�16¢ W

Rainbow

36�13¢ N, 33�54¢ W Seawater

T (�C) 185–324 365 –

pH 3.4–5.0 2.8 7.8

H2S (mm) 0.6–3.4 1.0 �0

CO2(mm) 8.9–28 <16 –

CH4(mm) 0.5–0.97 2.2–2.5 �0

Ag (nm) 4.7–25 47 0.023

Cd (nm) 18 -79 130 0.7

Cl (mm) 413–554 750 546

Co (lm) <2 13 <2

Cu (lm) <2–30 140 0.0033

Fe (lm) 70–920 24000 0.0045

Mn (lm) 77–450 2250 0.0013

Ni (lm) <2 3 <2

Si (mm) 8.2–16 6.9 <0.2

Zn (lm) <2–40 160 0.028
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effects of two contrasting vent fields in the adaptation of

antioxidant parameters of the deep-sea mussel B. azoricus

using a transplant experiment between two contrasting

vent fields, Rainbow and Lucky Strike. During this inves-

tigation the following questions were postulated:

1 What is the adaptation potential of the antioxidant

defence system in B. azoricus from different Mid-Atlantic

Ridge hydrothermal vents?

2 Can the environment that mussels occupy influence

some of their biochemical responses?

3 Can transplanted mussels change and adapt their anti-

oxidant enzymatic systems to become protected in new

environments?

4 Can the organisms prevent oxidative damage (lipid

peroxidation) after being manipulated during transplant

experiments?

Material and Methods

Bathymodiolus azoricus were collected from two hydrother-

mal vent sites located in the Azores Triple Junction (ATJ)

in the MAR: Rainbow (36�13¢ N; 33�54.1¢ W, 2300 m)

(6.76 ± 0.57 cm, n ¼ 10) and Lucky Strike (37�17¢ N;

32�16¢ W, 1700 m) (7.67 ± 0.66 cm, n ¼ 10). At the same

time, another group of mussels (6.26 ± 0.92 cm, n ¼ 10)

was transplanted from Rainbow to Lucky Strike vent site

using the remote operated vehicle Victor6000 during the

EU-funded ATOS cruise (Sarradin et al. 2001) for a

2-week period (Fig. 1). The mussels used in the transplant

experiment were transplanted to the sea surface in a

closed, but not pressure-sealed container, at approximately

5–6 �C, and were kept on board ship in a static aquarium

tank at 7 �C. It took approximately 36 h between the time

of mussel recovery at Rainbow and their eventual deploy-

ment at Lucky Strike. The transplanted mussels, approxi-

mately 100 in total, were housed in a small mesh fish trap

to prevent them from escaping at Lucky Strike.

Both indigenous organisms (from Rainbow and Lucky

Strike) and transplanted mussels were dissected on board,

with gills and mantle isolated and immediately frozen in

liquid nitrogen until further analysis.

Antioxidant enzymes

Antioxidant enzymatic activities were determined in the

gills (tissue + symbionts) and mantle of B. azoricus after

homogenization in 20 mm Tris buffer, pH 7.6, containing

1 mm of EDTA, 0.5 m of saccharose, 0.15 m of KCl and

1 mm of DTT. The homogenates were centrifuged at

500 g for 15 min at 4 �C to precipitate large particles and

centrifuged again at 12,000 g for 45 min at 4 �C to preci-

pitate the mitochondrial fraction. Supernatants were puri-

fied on a Sephadex G-25 gel column to remove low

molecular weight proteins.

Superoxide dismutase activity (EC 1.15.1.1) was deter-

mined by measuring the reduction of cytochrome c by

the xanthine oxidase/hypoxanthine system at 550 nm

(McCord & Fridovich 1969). One unit of SOD is defined

as the amount of enzyme that inhibits the reduction of

cytochrome c by 50%. SOD activity is expressed in U

SOD mg)1 total protein concentrations.

Catalase activity (EC 1.11.1.6) was determined accord-

ing to Greenwald (1985) by the decrease in absorbance at

240 nm because of H2O2consumption. The CAT activity

is expressed as mmolesÆmin)1Æmg)1 of total protein con-

centrations.

Glutathione peroxidase activities were measured follow-

ing NADPH oxidation at 340 nm in the presence of

excess glutathione reductase, reduced glutathione and cor-

responding peroxide (Lawrence & Burk 1976). The sele-

nium-dependent glutathione peroxidase (Se-GPx) (EC

1.11.1.9) and Total GPx activities were measured by using

H2O2 and cumene hydroperoxide respectively as sub-

strates. GPx activities are expressed as lmolesÆmin)1Æmg)1

of total protein concentrations.

Total protein concentrations

The tissues were homogenized in 20 mm Tris buffer, pH

8.6, containing 150 mm of NaCl. The homogenates were

centrifuged for 30 min at 30,000 g at 4 �C. Total protein

concentrations were measured on supernatants by the

Lowry method (Lowry et al. 1951) using BSA as reference

Fig. 1. Location of vent fields with detail of

the Azores Triple Junction area (Lucky Strike,

and Rainbow hydrothermal vent fields)

(adapted from Bebianno et al. 2005).
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standard material. Protein concentrations are expressed as

mgÆg)1 wet weight tissue.

Lipid peroxidation

Lipid peroxidation was determined in the supernatant

used for total proteins quantification. The method des-

cribed by Erdelmeier et al. (1998) measures the amount

of malondialdehyde (MDA) and 4-hydroxyalkenals

(4-HNE) produced during decomposition of poly-

unsaturated fatty acid peroxides of membrane lipids. This

procedure is based on the reaction of chromogenic

reagent, N-methyl-2-phenylindole (R1), where two moles

of R1 react with one mole of either MDA or 4-HNE at

45 �C for 60 min to yield a stable chromophore with

maximal absorbance at 586 nm. The levels of MDA +

4-HNE were estimated at 586 nm using malonaldehyde

bis (tetrametoxypropan, SIGMA) as standard. The con-

centrations of LPO compounds in the gills and mantle of

B. azoricus were expressed as nmoles of MDA + 4-HNE

g)1 total protein concentrations.

Statistical analysis was performed using STATISTICA

for Windows v.5.1. The data were previously tested for

normality and homogeneity and analysed by analysis of

variance (ANOVA) to determine significant statistical

differences between mussels from Rainbow, Lucky Strike

and transplanted mussels regarding antioxidant enzymatic

activity (SOD, CAT and GPx) and LPO concentrations.

A Duncan test was used to determine significant differ-

ences between groups for each variable. The level of signi-

ficance was set at P < 0.05.

Results

The activities of SOD, CAT, total GPx, Se-GPx and LPO

levels in the gills and mantle of native and transplanted

mussels are presented in Fig. 2. Antioxidant enzymatic

activities are tissue-specific, i.e. SOD and CAT are mainly

present in the gills (ANOVA, F1,54 ¼ 31.128, P < 0.001

for SOD; ANOVA, F1,54 ¼ 78.582, P < 0.001 for CAT),

while total and Se-GPx was mainly in the mantle tissue

(ANOVA, F1,54 ¼ 30.877, P < 0.001 for T-GPx; ANOVA,

F1,54 ¼ 31.128, P < 0.001), which was consistent with

previous findings for the same sites (Bebianno et al.

2005). SOD activities (cytosolic and mitochondrial) were

significantly higher in Lucky Strike mussels than at Rain-

bow, for both tissues types (ANOVA, F2,54 ¼ 101.337,

P < 0.001) (Fig. 2A and B).

Mussels from Lucky Strike also showed higher GPx

activities compared with those from Rainbow, but only in
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Fig. 2. The activity of cytosolic superoxide

dismutase (SOD) (A), mitochondrial SOD (B),

catalase (C), total glutathione peroxidase (D),

selenium-dependent glutathione peroxidase

(Se-GPx) (E) and lipid peroxidation (F) in the

gills and mantle of native (Rainbow), host

(Lucky Strike) and transplanted from Rainbow

to Lucky Strike Bathymodiolus azoricus.

Values followed by the same letter are not

statistically different (P > 0.05) (n ¼ 10).

Adaptation in mussel antioxidant defence systems Company, Serafim, Cosson, Fiala-Médioni, Dixon & Bebianno

96 Marine Ecology 28 (2007) 93–99 ª 2007 The Authors. Journal compilation ª 2007 Blackwell Publishing Ltd



the mantle (ANOVA, F2,54 ¼ 50.735, P < 0.001), and

showed no significant difference in the gills (P > 0.05)

(Fig. 2D and E). In contrast, CAT activity was signifi-

cantly higher in the gills of mussels from Rainbow

(ANOVA, F2,54 ¼ 183.128, P < 0.001), while no signifi-

cant difference was observed in the activity of this enzyme

in the mantle between the two sites (P > 0.05) (Fig. 2C).

In the transplanted mussels (after 2 weeks), the activity of

most antioxidant enzymes in the gills, excluding CAT,

was significantly enhanced (induced) compared with

baseline levels for either Rainbow or Lucky Strike

(P < 0.05). CAT activity, on the other hand, showed a

decrease in the gills of the transplanted mussels, compared

with their original source population (Rainbow), and was

higher than that in Lucky Strike mussels (P < 0.05)

(Fig. 2B). In the mantle, cytosolic SOD, total GPx and

Se-GPx followed a similar pattern, with a significant

induction in transplanted mussels compared with source

population, to levels close to those observed at Lucky

Strike (Fig. 2A-E). Mitochondrial SOD and CAT in this

tissue, however, remained unchanged in the transplanted

organisms compared with their original site (P > 0.05)

(Fig. 2B and C). LPO in all mussels was tissue-dependent

(ANOVA, F1,54 ¼ 157.903, P < 0.001), as it occurs for

antioxidant enzymes, with higher levels in the gills

(P < 0.05), but no significant differences were detectable

between native mussels from Rainbow and Lucky Strike

(P > 0.05). In transplanted B. azoricus, however, LPO

concentrations in both tissues were significantly raised

compared with these baseline levels (P < 0.05).

Discussion

The capacity of an organism to react to changes in its

environment depends on the balance between the degree

of short-term physiological plasticity and the limitations

set by its genetic constitution. At hydrothermal vents, the

spatially variable physiological characteristics of animals

are often assumed to reflect short-term physiological

adjustments to an irregular and dynamic chemical envi-

ronment (Bergquist et al. 2004). Hydrothermal vents have

been the focus of a new ecotoxicological perspective

because of the presence of compounds considered toxic

in other environments, such as hydrogen sulphide,

methane, carbon dioxide and especially metals. Therefore,

hydrothermal environments are considered ‘Natural Pol-

lution Laboratories’ where the effects of toxic compounds

can be studied in the indigenous organisms and can be

used to predict the biochemical responses of coastal

organisms living in highly polluted areas.

This study used a 2-week transplant experiment to

assess the in situ adaptation potential of the antioxidant

defence system in Bathymodiolus azoricus between two

Mid-Atlantic Ridge hydrothermal vents. The transplanted

mussels, originally from Rainbow, showed that most anti-

oxidant enzymes, acquired or nearly acquired the specific

activities of their host population (Lucky Strike), which

demonstrated the primary role of the environment in

determining the physiological characteristics of resident

mussels, and also the capacity of B. azoricus to adapt to

any externally forced changes in the abiotic character of

its environment. It has already been established that metal

accumulation in vent mussels is site-dependent and there-

fore, directly related to the composition and speciation of

the metal cocktail in the vent fluid which surrounds the

animals (Pruski & Dixon 2003). Also, it seems that some

metal concentrations in Bathymodiolus tissues are related

to vent field depth. A recent study showed that levels of

Fe and Mn in B. azoricus tissues are directly related to

bathymetric depth in both tissues while the opposite is

the case for Cu in the mantle (Bebianno et al. 2005).

Fe and Mn are the dominant metals in mussel tissues

from Rainbow, while Zn, Cd and Ag were higher at Lucky

Strike irrespective of tissue (Bebianno et al. 2005). Similar

results were previously detected for the same species and

tissues collected from Menez-Gwen and Lucky Strike

(Géret et al. 1998; Rousse et al. 1998). Although mussels

from Lucky Strike seem to be exposed to lower metal lev-

els from hydrothermal fluids than those from Rainbow,

they exhibit much higher SOD activity in both tissues,

seemingly to counteract the production of superoxide

anion radical (O��2 ), which suggests that metals alone may

not explain the formation of ROS in B. azoricus, as already

suggested by previous studies (Bebianno et al. 2005).

Similarly, the activity of GPx (both total and

Se-dependent) was higher in mussels from Lucky Strike

than Rainbow in the mantle tissue. Moreover, mussels

from two environmentally different hydrothermal vent

sites (Rainbow and Lucky Strike) have similar LPO levels,

which implies a similar degree of membrane damage in

their cells, supporting the idea that these mussels are

exceptionally adapted to potentially toxic chemical species

and spatial and/or temporal fluctuations in these condi-

tions. After 2 weeks of transplantation, LPO levels in both

the gills and mantle of B. azoricus were in fact higher

than in the two native populations, suggesting that a per-

iod of adaptation is necessary when a drastic change in

the environmental conditions occurs (as occurred during

recovery and subsequent redeployment). In a recent

study, where total oxyradical scavenging capacity was

evaluated in transplanted coastal mussels (Mytilus gallo-

provincialis) in the Venice lagoon, the authors underline

that the translocation of animals can be a source of addi-

tional stress and that transplantation methods require

good practice to minimize stress that can affect the bal-

ance between prooxidant and antioxidant forces in the
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mussels (Camus et al. 2004). In a similar transplant study,

the LPO products (MDA) were also elevated in M. gallo-

provincialis moved from a clean site to several polluted

areas in the Venice Lagoon (Pampanin et al. 2005).

The increase in LPO levels in transplanted B. azoricus

seems to be followed by an induction of most of the anti-

oxidant system (mainly SOD and GPx), which may serve

to balance an increase of reactive oxidative damage inflic-

ted as a result of hydrostatic pressure stress. It is only

natural to assume that when hydrothermal organisms are

transplanted between vent sites, especially those typified

by markedly different depths, and in addition have to

endure the added stress of surface recovery (1 bar pres-

sure) during transit between sites, their physiology has to

cope with a far greater stress than a simple chemistry

change alone. However, only 2 weeks after being reloca-

ted, the antioxidant enzymes in these mussels exhibited

an exceptional resemblance to those seen in the recipient

population. This result shows that as a group B. azoricus

and its relatives are extremely resistant organisms, with a

great capacity to adapt to changed environmental circum-

stances. This has been observed previously in the field

under conditions when vent activity has ceased; only

mussels remain alive many months after other vent spe-

cies have become extinct.

Summary

Transplant experiments using hydrothermal vent organ-

isms are a relatively new area of research and provide a

way to explore the adaptations which vent organisms

have developed against a potentially hostile and fluctu-

ating deep-sea habitat. Transplanted Bathymodiolus azori-

cus, which of necessity had to involve surface recovery

at 1 bar pressure, showed a capacity to recover from this

transient, albeit extreme change in conditions, which

was at least partly counteracted by the induction of anti-

oxidant defences during physiological adaptation to the

new environment. These findings emphasize the import-

ance of the environment in determining the physiologi-

cal characteristics of vent mussels. In addition to

confirming the findings of previous studies, these results

highlight the adaptational capacity of B. azoricus to fluc-

tuations in the abiotic part of its extremely hostile deep-

sea environment.
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