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Abstract:

We previously reported evidence of increased levels of DNA damage in the hydrothermal mussel
Bathymodiolus azoricus, which suggested that the species was not fully resistant to the natural
toxicity of its deep-sea vent environment. In the present study, HSP70 was used as a biomarker of
sub-cellular stress. Differences in HSP70 expression pattern were observed between vent sites,
typified by different depths/ toxicity profiles, and between different mussel tissue types. A
comparison of specimens collected by ROV (Remote Operated Vehicle) and acoustically-operated
cages showed that less stress (as indicated by changes in HSP70 levels) was induced by the faster
cage recovery method. Therefore alternatives to ROV collection should be considered when

planning experiments involving live deep sea organisms. Significantly, a positive correlation was
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found between the levels of DNA strand breakage, as measured using the Comet assay, and HSP70
expression pattern; evidence was also obtained for the constitutive expression of at least one HSP

isoform which was located within the cell nucleus.

Keywords: Bathymodiolus azoricus; Mussels; Hydrothermal vents; Heat shock response; HSP70;

Western blot; DNA damage.



1- Introduction

Evidence of an age-related increase in DNA strand breakage in the Mid-Atlantic Ridge vent
mussel, Bathymodiolus azoricus, suggests that this and other hydrothermal species are not fully
resistant to the damaging effects of their hostile deep-sea environment (Pruski & Dixon, 2003).
However, a major complicating factor when attempting to perform toxicological studies on deep-
sea species in the laboratory has been exposure to decompression stress at the time of collection,
which can lead to increased levels of DNA damage (Pruski & Dixon, 2003), attributable to enzyme
mediated damage to cells, and irreversible protein denaturation as shown in the abyssal fish

Coryphaenoides acrolepis (Mosholder, Josephson, & Phleger 1979).

In order to obtain a greater understanding of the effects of decompression stress, we used Western
blot analysis to quantify the relative amounts of the stress protein HSP70 in B. azoricus
immediately after recovery and during subsequent laboratory acclimation. Stress or heat shock
proteins (HSP) are a large group of highly conserved proteins, which are rapidly synthesized in
response to stress in all organisms, from bacteria to humans. The most intensively studied of these
is the multigenic HSP70 family, which contains a number of different isoforms of approximately 70
kDa molecular weight, which includes the heat-inducible HSP70 and constitutively expressed
HSC70. In addition to thermal stress, the synthesis of these proteins has been shown to be induced
by a wide range of proteotoxic stressors such as heavy metals, ethanol, TBT (tributyltin), PCB
(polychlorobiphenyl), H,0,, SDS (sodium dodecyl sulphate), lindane, diazinin, amino acids
analogues, and physiological stress such as anoxia, caloric restriction and oxidative stress (De
Maio, 1995; Dyer et al., 1993; Sanders, 1993). In the last decade, field and laboratory studies
performed on a variety of marine invertebrates have validated the use of HSP70 as a general stress
biomarker (Bradley, Olsson, Brown, & Tedengren, 1998; Radlowska & Pempkowiak, 2002;
Sanders, 1993), although recent evidence shows that HSP70 also plays an important role in

acquired tolerance (Tedengren, Olsson, Reimer, Brown, & Bradley, 1999).
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At the molecular level, HSP70 proteins are involved in the folding and assembly of native proteins
(Fink, 1999). Under stress conditions, apart from this cytosolic function, they have been shown to
migrate into the cell nucleus where they act to repair or protect the nuclear proteins and to minimise
protein aggregation which would otherwise lead to genetic damage (Bensaude, Pinto, Dubois, Van
Trung, & Morange, 1990; Ohtsuka & Hata, 2000). HSP70 proteins are also known to facilitate the
transport of damaged proteins to the lysosomes, for subsequent enzyme-mediated breakdown
(Wickner, Maurizi, & Gottesman, 1999), while suppressing apoptosis pathways; thus providing
cells with increased time to effect repair (Verbeke, Fonager, Clark, & Rattan, 2001). Of relevance
to our interest in DNA damage (Pruski & Dixon, 2003) is the recognised involvement of HSP70 in
the process of base excision repair (Bellmann, Wenz, Radons, Burkart, Kleeman, & Kolb, 1995;

Burkart et al., 2000; Kenny et al., 2001).

In this study, we analysed the expression pattern of HSP70 in specimens of the Atlantic vent mussel
B. azoricus collected from three active vent sites on the Mid-Atlantic Ridge, south-west of the
Azores archipelago; sites which are characterised by different depth and contaminant load
characteristics — note, vents above 1000 metres depth (<100 bar pressure) are typified by reduced
contaminant concentrations, due to the phenomenon of phase separation (Charlou et al. 2000). In
addition, we investigated the sub-cellular localisation of these proteins under stressed and ’low
stress’ conditions. Given that all the vent mussels we examined were subjected to some form of
collection stress, we used the term low stress to mean without the additional thermal stress that the

stressed group received.

2. Materials and methods

2.1. Animal collection

Large adult specimens (88 £10mm shell length) of B. azoricus were collected from three different
vent sites south west of the Azores arquipelago: Menez Gwen (37°51’N, 32°31’W, 840m depth),

Lucky Strike (37°17°N, 32°16’W, 1700m) and Rainbow (36°13’N, 33°54’W, 2400m). Collections
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were made using either the French Victor 6000 ROV (Remote Operated Vehicle, IFREMER),
during the EU-funded ATOS cruise (Sarradin et al., 2001), or retrievable cages designed as part of
the EU-funded VENTOX programme (Dixon et al., 2001). Immediately after animal collection, the
gills and mantle tissues were excised, on ice, and stored for later analysis in liquid nitrogen. At the
same time, 8 specimens, collected using the ROV from the Menez Gwen site, were immersed in
warm water, ~28°C for 4h, prior to excising their tissues. Previous work having shown that
mussels from the Menez Gwen site had the best post-collection survival potential, due to the

shallower depth (Pruski & Dixon, 2003).

Some of the Menez Gwen vent mussels we collected with the retrievable cages (~ 200) were kept in
a containerised cold room at the Department of Oceanography and Fish Biology, University of the
Azores (Horta, Faial). These animals were kept in clean aerated sea water, at 7-8°C, their natural
ambient temperature (Sarradin P.M., unpublished), without food for 1 week. Since B. azoricus
depends largely on endosymbiotic bacteria for its nutrition (Trask & Van Dover, 1999), this meant
withholding access to hydrogen sulphide and methane (Fiala-Médioni et al., 2002). It should be
noted that mussels kept in the presence of these two gases showed higher levels of DNA damage (as
DNA strand breakage measured using the Comet assay) than those kept without any ‘food

supplement’ (Dixon, Pruski & Dixon, 2004).

Specimens of the edible mussel Mytilus edulis, collected from Hill Head, Hampshire, UK, a
relatively uncontaminated coastal locality, based on DNA strand breakage levels (Pruski & Dixon
2003), were transported by ship to the mid Atlantic in aerated aquaria at 15°C, during which time
they were fed a proprietary fish food (Liquifry; Interpet, Dorking). In order to induce a HSP70
response 8 animals were exposed to elevated temperature, 28°C for 4 h, similar to what we did with
B. azoricus, while a control group was maintained in an aquarium at 15°C, their natural ambient
temperature. Another group of edible mussels was exposed to cadmium (0.2mg 1" of CdCl,) at a

density of four mussels per tank containing 10 litres of ASW (artificial sea water), (Pruski & Dixon,
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2002). This non lethal concentration of cadmium has already been shown to induce HSP70
expression in bivalves (Radlowska & Pempkowiak, 2002), and our own previous work showed that

this dose significantly reduces both DNA repair efficiency and apoptosis levels in M. edulis (Pruski

& Dixon, 2002).

2.2. Preparation of tissue samples

Frozen tissue samples (300-400mg) were homogenised on ice in Iml of protein extraction buffer
(10mM Tris HCI, 0.5mM sucrose, 0.15mM KCI, pH 7.6) supplemented with complete protease
inhibitor cocktail (Roche). The homogenates were sonicated for 2 minutes and then centrifuged
(6000g, 10 minutes, 4°C). A subset of supernatants was used for protein determination. Total
protein content was determined with the Bio-Rad protein assay kit, using bovine plasma albumin as
a standard. The remainder was diluted in extraction buffer, mixed 3:1 (v:v) with 4X loading buffer
(0.5M Tris HCI pH 6.8, 4% SDS, 40% glycerol, 4% 2 B-mercaptoethanol, 0.04% bromophenol
blue), boiled for 5Smin, and then stored at —20°C prior to immunochemical analysis (final

concentration 800ug of protein per ml).

2.3. Sub cellular fractionation of proteins

For this we followed the protocol described by Sim & Chow (1999), but to compensate for the
marine nature of the study species, the osmolarity of the lysis buffer was adjusted to 3.3% with
NaCl (Sigma). Total protein lysates were prepared from gill tissue (~ 0.3g of frozen tissue/ml
buffer) using non-denaturing lysis buffer (100mM Tris-HCl, 150mM NaCl, 1% sodium
deoxycholate, 1% Triton X-100 pH 7.5) and complete protease inhibitor cocktail (Roche). Lysates
were then sonicated for 2 min, to facilitate breakage of cells and organelles, followed by

centrifugation at 3000 rpm for 10 minutes.

Samples, approximating 0.3g of frozen tissue, were rinsed twice in PBS, pH 7.4. Proteins were

then extracted for 15 minutes on ice, in 1ml of lysis buffer containing 10mM Tris-HCI, 150mM
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NaCl, 2mM MgCl,, 3mM CaCl,, 3mM dithiothreitol, 0.02% IGEPAL CA-630 (pH 7.5) and
complete protease inhibitor cocktail (Roche). The extract was then centrifuged at 2000 rpm for 10
minutes. The pellet (P1) was resuspended in 1ml of buffer (10mM Tris-HCI, 10mM NaCl, 3mM
MgCl,, 5mM EDTA and protease inhibitor cocktail, pH 7.4) and was centrifuged at 2000 rpm for
10 minutes, and the supernatant (S2) that contained proteins from the nuclear fraction was
harvested. The initial supernatant (S1) was ultracentrifuged at 100 000 g at 4°C for 1h. The
resulting pellet (P3) and supernatant (S3) were saved. P3 containing the microsomal fraction was
treated in the same way as P1. S3 representing the cytosolic proteins was brought to 1% sodium
deoxycholate and 1% Triton X-100. Aliquots of the nuclear, cytosolic and microsomal fractions
were saved for protein quantification. All these procedural steps were carried out on ice. Finally,
the extracts were diluted with suspension buffer before the addition of loading buffer, and were

boiled for 5min (final concentration 800ug of protein per ml).

2.4. Western blot analysis of heat shock proteins

The polyclonal antiserum used as a probe in the Western blotting experiments was raised against
recombinant human HSP70 and detected a 70 kDa protein band. This corresponded to the apparent
molecular mass of HSP70 as detected on SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel
electrophoresis) immunoblots previously performed on samples from several invertebrate species
(StressGen Biotechnologies Corp.). This antibody is claimed by the manufacturer to be specific for
the inducible form of HSP70 (HSP72), while not cross-reacting with the constitutive HSC70
(HSP73) or DnaK (StressGen Biotechnologies Corp.). Although their test species range from
humans to cnidaria,, this property has not been tested directly on mussels, and this should be borne

in mind when considering these research findings.

Equal amounts of protein (12ug) from each tissue was separated by SDS-PAGE on 0.75mm thick,
7.5% acrylamide gels according to Laemmli (1970) using the Bio-Rad Mini-PROTEAN 3 Cell.

Following separation, the proteins were electrophoretically transferred onto nitrocellulose
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membranes (Amersham Hybond C-pure, 0.45um), using Bio-Rad Criterion Blotter. Transfer was
carried out at 400mA for 90 minutes in a transfer buffer containing 25mM of Tris-HCI pH 8.3,
192mM glycine and 20% isopropanol. Western blotting was then performed using the Amplified
Alkaline Phosphatase Immun-Blot Assay kit, according to the manufacturer’s instructions (Bio-
Rad). The membrane was blocked for 2 h with 5% milk powder in TBS (Tris buffer saline:20mM
Tris and 500mM NaCl, pH 7.5) and subsequently probed with a polyclonal HSP70 primary
antibody (SPA-812 rabbit HSP72 antibody from StressGen Biotechnologies Corp., dilution
1/20000) for 1h at room temperature. The blot was then further incubated for 1h with biotinylated
goat anti-rabbit IgG. The presence of the primary antibody was detected using a l1h incubation in
streptavidin-biotinylated alkaline phosphatase complex. After incubation, each membrane was
washed 3 times in TTBS (TBS/0.05% Tween 20). Bands on the membranes were visualized with
colour development solution and quantified by densitometry using a gel scanning system (Bio-Rad
Gel Doc 2000). Negative controls without the primary antibody gave no evidence of bands. The
molecular sizes of the resolved bands were determined by comparing their mobilities with those of
prestained precision protein standards (Bio-Rad). On each gel, 15ul of the same gill extract of M.
edulis was loaded as an internal standard. For quantification purposes, each band recorded from
the B. azoricus samples was expressed as a percentage of the single band recorded for the M. edulis
standard. Differences between the mean intensities of protein bands were tested using the non-
parametric Wilcoxon-Mann & Whitney U-test (P * 0.05). Correlation was tested using the non-

parametric Spearman rank-order coefficient analysis (P < 0.05).

3. Results

3.1. Levels of HSP70 in Mytilus edulis

A single immunoreactive band (Mr~ 70 kDa) was recorded from both the gill and mantle tissues of
control M. edulis (a representative Western blot is shown in Fig. 1). The intensity of this band
increased considerably after the mussels had been exposed to heat (28°C for 4h) or cadmium (0.2mg

1" for 4 days). Another band with a higher molecular weight (Mr~ 77 kDa) was observed in some
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samples from control mussels, but not all (data not shown), and was abundant in the case of stressed
mussels. This confirmed that the primary antibody used for this study was able to detect what may
be a mixture of constitutive and inducible isoforms of putative HSP70 in a closely related bivalve

species, which belongs to the same molluscan family (Mytilidae) as B. azoricus.

3.2. Levels of HSP70 in vent mussels from the three sites varying in depth and contaminant load

For B. azoricus, the antibody cross-reacted with three protein bands on the membranes, respectively
64, 71 and 76 kDa (Fig. 2); two of which appeared to be inducible. Results of the densitometric
analysis conducted on the Western blots are shown in Figure 3. The 71 kDa protein was detected
in the mantle and gill tissues of vent mussels collected from all three sites. Its relative abundance
was similar in both gill and mantle (Fig. 3). We found no significant differences in the relative
intensities of this HSP70 band amongst samples collected from Menez Gwen, Lucky Strike and
Rainbow, despite their different depths and putative contaminant loads, which supports the

hypothesis that this protein is constitutively expressed.

A light weight protein, corresponding to 64 kDa, was detected by the HSP72 antibody in nearly
every gill sample from B. azoricus (Fig. 2). However, the relative intensity of this 64 kDa band
varied considerably between samples, with no obvious site-related trend, i.e. in terms of depth or
contaminant load. A third protein with a molecular mass of 76 kDa was also detected in some gill
extracts (~20% of the samples), but was not recorded in mussels from the shallowest (840m) Menez
Gwen site, where the chemical conditions are known to be less hostile due to the phenomenon of

subsurface phase separation (Charlou et al, 2000; Desbruyeres et al., 2001).

3.3. Effects of collection and post-collection acclimation on the expression of HSP70 in B. azoricus
gill tissue
A representative Western blot showing the HSP70 responses of vent mussels immediately after

collection and after 7 days acclimation in the laboratory at 1 bar pressure is shown in Figure 4. In
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keeping with its proposed inducible properties, the levels of the 64 kDa protein band were found to
be significantly lower in the aquarium acclimated mussels compared to freshly ROV-collected
animals (Wilcoxon-Mann & Whitney U-test, P =0,021, N=8), while the relative intensity of the 71
kDa band was relatively constant between treatments, which was consistent with its proposed
constitutive nature. This result provides support for the 64 kDa protein being inducible in B.
azoricus. In support of these conclusions, Figure 5 shows the intensity of the 64 and 71 kDa bands
for various treatments corresponding to different levels of stress.  As expected, the relative
intensity of the 64kDa isoform was slightly higher in ROV collected mussels that had been exposed
to heat shock compared to those that had been simply ROV collected. This shows that the 64 kDa
isoform was synthesized de novo in response to the cellular stress induced by an increase in
temperature, from 7 to 28°C. Interestingly, for mussels collected with the retrievable cages, the
64kDa isoform values were lower than for the ROV-collected mussels (Wilcoxon-Mann & Whitney
U-test, P < 0.05, N=8). This supported our previous findings, based on baseline DNA damage
levels, which showed that the retrievable cages represent a less stressful recovery method for vent
mussel compared to ROV collection (Dixon et al., 2004). Significantly, no increase in HSP70
isoforms was observed in Menez Gwen mussels that had been kept for 1 week in the laboratory
aquarium at 1 bar pressure, which confirmed their stable condition. —Note, vent mussels from
Menez Gwen vent site were subsequently kept in the laboratory at 1 bar pressure for more than 12

months on a diet of sulphide and methane (P. Dando, pers. com.).

3.4. Sub cellular localisation of HSP70 in Bathymodiolus azoricus

The sub cellular localisation of HSP70 isoforms was investigated in gills of mussels from Menez
Gwen immediately after ROV collection (i.e. stressed during the collection process) and after 1
week’s acclimation to aquarium conditions, without food (Fig. 6). The constitutive 71 kDa band
was present in the three sub fractions (cytosolic, nuclear and microsomal) derived from both the

stressed and unstressed mussels, while the 64 kDa was only present in the cytosolic fractions.
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3.5. Relationship between the levels of HSP70 and DNA strand breakage in gills of Bathymodiolus
azoricus

DNA damage was evaluated with the single cell gel electrophoresis (Comet) assay on the same
individuals (see Pruski and Dixon, 2003 for a discussion on DNA strand-breakage in B. azoricus).
Despite the high inter-individual variability and low N value (10), there was evidence suggesting a
positive correlation between the levels of DNA damage we recorded previously, for freshly
collected and laboratory acclimated vent mussels (Dixon, Pruski, & Dixon, 2004), and the level of
the 64 kDa isoform expressed in their tissues (Fig. 7), although the low, albeit significant Spearman
correlation coefficient (rs = 0.70, P > 0.05), requires further examination with a larger number of

specimens.

4. Discussion

The hydrothermal vent environment is considered in human terms to be one of the most hostile
environments on the planet. Apart from the elevated temperature and pressure, vent organisms are
exposed to high levels of potentially toxic heavy metals, sulphide and radionuclides, in a harsh
environment that favours oxidative stress (see Pruski & Dixon, 2003 for further discussion). While
there is a significant body of evidence which shows that animal cells have evolved a variety of
elaborate defence and repair mechanisms to protect them against the genotoxic effects of natural
environmental stressors, the molecular chaperone system is thought to be an important defence
mechanism against proteotoxic injury at the cellular level across the full phylogenetic spectrum,
from bacteria to man (Ohtsuka & Hata, 2000). Hence, any variable that perturbs protein
homeostasis is likely to trigger the induction of stress proteins (Morimoto, & Santoro, 1998). The
present study describes the HSP characteristics of the hydrothermal vent mussel B. azoricus, a
dominant member of the mid-Atlantic Ridge vent fauna, when collected from a range of vent sites
displaying different environmental conditions, and when collected using two different recovery

methods, ROV and acoustically operated cages.
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4.1. Levels of HSP70 in Mytilus edulis

The edible mussel Mytilus edulis was selected for comparison in this study because it is a close
relative of B. azoricus. In fact, vent species such as B. azoricus are believed to have had their
evolutionary origins in shallow-water at a time in the geological past when venting was more
widespread across the face of the planet (Jacobs & Lindberg, 1998). This is supported by the
discovery that the present day coastal marine fauna shares a number of important characteristics in
common with vent species, which points to pre-adaptation having played an important role during
vent colonisation in the geological past. It should be noted that both environments are typified by
marked fluctuations in temperature, salinity and increased contaminant burdens. Reflecting this
close evolutionary relationship, B. azoricus shares a number of fundamental biological features in
common with M. edulis regarding life-history strategy, toxicant defence, tissue and DNA repair,
and thermal resistance (Le Pennec, & Beninger, 2000; Hardivillier, Leignel, Denis, Uguen, Cosson,
& Laulier, 2004; Pruski & Dixon, 2003; Dixon et al., in press). Apart from the obvious differences
in the levels of sulphide and methane in the water column, the main environmental feature that
distinguishes the present-day deep-sea vent environment from conditions in the intertidal zone is the

greatly increased hydrostatic pressure.

Our results showed that two proteins related to the human inducible stress protein HSP72
appeared to be inducible in M. edulis in response to heat shock (15 to 28°C) and exposure to a
sublethal dose of cadmium (Fig. 1). These results are in agreement with previous investigations on
the expression of HSP70 in this species (Chapple, Smerdon, & Hawkins, 1997; Radlowska, &
Pempkowiak, 2002; Sanders, Martin, Howe, Nelson, Hegre, & Phelps, 1994) and confirmed that the
primary antibody chosen for this study was able to detect what may have been a mixture of
constitutive and inducible HSP70 isoforms in a bivalve species closely related to B. azoricus. In
contrast, for the rat, this antibody has been reported as recognising only the inducible form of
HSP70, termed HSP72 (Yukako, Masato, Ken , Michiyo & Hiroshi, 2003), which emphasises an

urgent need for further comparative studies focusing on a range of marine invertebrates.
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4.2. Levels of HSP70 in Bathymodiolus azoricus

Here, we present the first evidence for the expression and induction of stress proteins belonging to
the HSP70 family in a dominant member of the Atlantic hydrothermal-vent fauna. Moreover, we
detected tissue-specific differences in the expression patterns of the HSP70 proteins. Whilst only
one immunoreactive band, a constitutive HSP70, was detected in extracts made from the mantle
tissue (Mr~ 71 kDa), which serves both as an energy storage and reproductive tissue at different
times of the year (Dixon et al., in press), two additional bands reacted with the HSP72 antibody in
extracts made from the gills (Fig. 2). We also showed that the lighter of these two proteins (Mr~ 64
kDa) was stress-inducible, and may correspond to the expression of another gene product of the

HSP70 family, as previously observed in M. edulis by Sanders (1993).

Variations in the levels of HSP70 isoforms among tissues have already been reported in M. edulis in
response to heat and copper exposure (Chapple, Smerdon, & Hawkins, 1997; Sanders, Martin,
Howe, Nelson, Hegre, & Phelps, 1994). These differences were explained in terms of differences
in tissue vulnerability to a specific stressor and/or physiological function (Chapple, Smerdon, &
Hawkins, 1997; Sanders, Martin, Howe, Nelson, Hegre, & Phelps, 1994). The increased levels we
observed for stress protein in the gills of vent mussels could therefore be explained by the fact that
this tissue experiences greater exposure to water movement, whereas the mantle is by comparison,
relatively protected within the shell. In support of this, reduced heavy metal concentrations have
been found in the mantle tissues of B. azoricus from the three sites (Bebiano, Company, Searfim,
Camus, Cosson, & Fiala-Médioni, 2005). Furthermore, the chemosynthetic autotrophic symbionts
that live within the gill cells of B. azoricus represent a potential additional cause of stress through
the production of oxygen and sulphur free radicals (Tapley, Buettner, & Shick, 1999), which may
affect the gills in particular. In this respect, it should be mentioned that stress proteins related to
the mammal HSP70 family (DnaK) have also been found in bacteria (De Maio, 1995), but it is

unlikely that stress proteins from the bacterial endosymbionts within B. azoricus would cross-react
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with the commercially produced HSP72 antibody used in the present study, since this antibody was

raised specifically against eukaryotic HSP70 (Stressgen Corp).

Bathymodiolus azoricus was collected from three sites characterised by different contaminant loads
(Douville et al., 1999; Sarradin et al., 1999) and different bathymetric depths (Menez Gwen: 840m;
Lucky Strike: 1700m; Rainbow: 2400m). Based on the relationship between the chemistry of vent
fluid and depth, the more harmful conditions were expected to be found at the deeper, Rainbow site,
whereas in comparison the level of overall toxicity at the relatively shallow Menez Gwen site was
expected to be low, due to the phenomenon of low-pressure induced phase separation (Charlou et
al., 2000). Results of two studies on heavy metal tissue burdens in mussels from the three sites are
consistent with this expectation, and was consistent with animals from the relatively shallow Menez
Gwen site having been shown to contain lower levels of heavy metals in their soft tissues (Rousse,
Boulegue, Cosson, & Fiala-Médioni, 1998; Bebiano, Company, Searfim, Camus, Cosson, & Fiala-
Médioni, 2005). In the present study, the low expression of the 64 kDa isoforms we recorded for
mussels from the Menez Gwen vent site was consistent with these earlier results and expectations,
and may reflect their reduced exposure to toxic vent fluids. In contrast, the level of expression of
the 71 kDa isoform was roughly constant in specimens from all three sites (Figure 3), which
strongly supports that this protein is a constitutive form of HSP70. However, the additional

complication of decompression stress during animal collection had also to be considered.

4.3. Effects of collection and laboratory acclimation on Bathymodiolus azoricus

A major complicating factor when dealing with deep-sea organisms in an experimental
context is the obligate stress imposed by the collection process, and the potential for sub-cellular
damage resulting from decompression (Dixon, Pruski and Dixon, 2004). In the absence of isobaric
collection methods, we compared two different collection systems (i.e. ROV and retrievable cages).
Since cage collection took significantly less time than was typical for ROV collections (a few tens

of minutes compared to hours), it was hoped that in this way we would be able to dissociate the
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stresses linked to decompression stress from those emanating from extended exposure to
temperature change, anoxia etc. This expectation was borne out by the significantly higher levels
of HSP70 isoforms, which are indicative of protein damage, we found in mussels that were
collected using the ROV, compared to those recovered using the cages. Furthermore, we reported
earlier an increased level of DNA strand breakage in the same specimens (Pruski & Dixon, 2003).
These results confirm that the extended decompression and handling times experienced during

ROV collection can be a major cause of stress for deep-sea organisms.

In contrast, the retrievable cages (Dixon et al., 2001) provided a much less stressful collection
method, as indicated by the lower levels of HSP70 expression and DNA strand breakage (Pruski &
Dixon, 2003). This striking difference can be attributed to the fact that animal recovery using the
cages was achieved in only 20 - 30min (from 840m), while from the deeper sites, using the ROV,
animal recovery took in some cases up to 15 h (Pruski & Dixon, personal observation). During this
extended ROV collection experience, vent mussels were subjected to a combination of physical
disturbance and physiological stress (vibration and exposure to the warm water overlying the
thermocline), plus possible anoxia due to their shells having remained closed for an extended period

(Famme & Knudsen, 1983), all of which could lead to increased levels of HSP70 expression.

It is worth mentioning too that since ROV collection appears to be a major cause of stress in vent
mussels, the response of the organisms to the collection experience could easily mask any site-

related differences in the patterns of expression of HSP70 (Fig. 2).

4.4. Sub cellular localisation of HSP70 in Bathymodiolus azoricus
The sub cellular localisation results for HSP70 in the gills of B. azoricus revealed that the 71
kDa and 64 kDa proteins were expressed in the cytoplasm both of acclimated (1 week) and freshly

collected mussels. The 71 kDa protein was also detected in the cell nuclei of thermally stressed
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animals. This was not wholly unexpected since HSP70s are cytoplasmic proteins that are capable
of transiently migrating to the nucleus under conditions of increased stress (Welch & Feramisco,
1984), the principal signal being the presence of unfolded proteins. What was unexpected however
was the retention of the 71 kDa protein in the cell nuclei of mussels that had been acclimated to

laboratory aquarium conditions for 7 days.

Two hypotheses can be proposed to explain this finding:  First, the laboratory kept mussels
remained stressed. This was however somewhat surprising since the sea water was devoid of any
of the toxicants naturally present in the hydrothermal habitats (e.g. heavy metals, radionuclides,
sulphide...), and a constant low temperature was maintained throughout the acclimation period.
Furthermore, considering the transitory nature of the HSP70 response (Abe et al., 1995), any stress
protein induced by the collection process should have been eliminated from the nucleus within 7
days. It should be noted that vent mussels from the same Menez Gwen site have been maintained
successfully under similar laboratory aquarium conditions for more than 12 months, where their
condition was considered good based on measurements of shell growth and endosymbiont condition
criteria (P. Dando, pers. com.). Moreover, our contemporaneous DNA damage study (Dixon,
Pruski & Dixon, 2004) showed a marked recovery in condition (as measured by DNA repair) after 7
days. This leads to the second explanation which is that this constitutive HSP70 is normally present
in the nuclei of B. azoricus gill cells under unstressed conditions. In which case, it could represent
an adaptive response to the chronic stress conditions they experience throughout life in the deep-sea
vent environment. In keeping with this explanation, the constitutive expression of HSP72i has

been observed in the nuclei of unstressed rat muscle cells (Locke, Noble, & Atkinson, 1991).

4.5. Relationship between the levels of HSP70 and DNA strand breakage in gills of Bathymodiolus
azoricus
We observed a positive correlation between the intensity of the 64 kDa band and the level of

DNA strand breakage in B. azoricus gills, which indicates that stressed mussels suffer two different
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types of damage: DNA damage and injury involving the protein/cytosolic fraction. Several authors
have reported a similar finding in vertebrates and invertebrates, under both laboratory and field
conditions (Abe et al., 1995; Miiller et al., 1998; Schroder et al., 2000), however how these two
endpoints relate functionally remains unclear. Recent studies have shown that heat shock enhances
DNA repair (Bellmann, Wenz, Radons, Burkart, Kleemann, & Kolb, 1995; Burkart, et al., 2000)
and Kenny and co-workers have recently demonstrated that HSP70 binds to the human
apurinic/apyrimidinic endonuclease, an enzyme involved in base excision repair (Kenny et al.,
2001). Since, the 64 kDa isoform was not detected in the nucleus, its direct involvement in DNA
repair is not possible. However, there remains the possibility that the expression of this isoform

could be correlated with another stress protein involved in DNA repair.

5. Conclusion

A major complication when working on deep-sea species in an experimental context is the potential
for reduced quality/health following collection. This study confirms our previous finding which
showed vent organisms were particularly stressed during ROV collection (for review see Dixon,
Pruski, & Dixon, 2004). However, this stress reaction seems to result mainly from the handling
and storage of specimens rather than the effects of decompression per se. Bathymodiolus azoricus
is one of the dominant species of the MAR (mid Atlantic ridge) hydrothermal vent sites and is
naturally exposed to high levels of toxic compounds such as heavy metals, radionuclides, reduced
sulphur compounds and oxygen free radicals. Thus, the high levels of HSP70 we found in the
tissues, together with the expression of at least one constitutive HSP70 in the cell nucleus, points to
a crucial role played by these stress proteins throughout the life of the vent mussel in its naturally
hostile deep-sea environment.
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Figure caption

Figure 1 : Western blot analysis of stress-70 proteins in gill and mantle tissues of Mytilus edulis.
The positions of prestained precision protein standards (Bio-Rad) are indicated in kDa on the left.
Lanes 1 and 2: control mussel; Lanes 3 and 4: mussel exposed to heat shock; Lanes 5 and 6, mussel

exposed to cadmium.

Figure 2 : Western blot analysis of stress-70 proteins in gill and mantle tissues from three B.
azoricus collected from three vent sites on the MAR and one Mytilus edulis.

The positions of prestained precision protein standards (Bio-Rad) are indicated in kDa on the left.

Figure 3: Mean intensities (relative optical density) of the 64, 71 and 76 kDa bands in (A) gill and
(B) mantle tissues of B. azoricus collected from 3 vent sites on the MAR.

For western blotting, equivalent amounts of protein (12 pg per sample) were electrophoresed in
each lane. Scanning densitometry was performed on western blots developed with the Bio-Rad
enhanced alkaline phosphatase assay. Densities of Hsp70 bands were calculated with Quantity
One software and standardized to an internal standard (a single gill extract sample from Mytilus
edulis run on each gel). Values are means £ 1.S.D., N=3. Black bars: 76 kDa isoform, white bars:

71 kDa isoform, grey bars: 64 kDa isoform.

Figure 4: Representative Western blot comparing levels of stress-70 protein expression in gill
tissues of freshly collected and laboratory-acclimated B. azoricus.

The positions of prestained precision protein standards (Bio-Rad) are indicated in kDa on the left.

Figure 5: Mean intensities (relative optical density) of the 64 and 71 kDa HSP 70 bands in gills of

the hydrothermal vent mussel Bathymodiolus azoricus collected using either the ROV Victor or the
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retrievable cages. Mussels were either dissected immediately after collection (“freshly collected”)
or exposed to a mild heat shock (ROV + HS) or acclimated to laboratory conditions for 1 week in
artificial sea water (Cage + 1 week ASW). White bars: 71 kDa isoform and black bars: 64 kDa

isoform. Values are expressed as mean + 1 SD, N=4.

Figure 6: Western blot analysis of representative whole-cell lysates and subcellular fractions of field
collected and laboratory acclimated specimen of the vent mussel Bathymodiolus azoricus.

The positions of prestained precision protein standards (Bio-Rad) are indicated in kDa on the left.

Figure 7: Relationship between the level of DNA strand-breakage as measured with single cell gel
electrophoresis (% Tail DNA: Comet assay) and the intensity (relative optical density) of the 64
kDa isoform in freshly collected and laboratory acclimated mussels from the Menez Gwen site.

The non-parametric Spearman rank-order correlation coefficient confirms that the two variables are

significantly correlated (rs= 0.70; P <0.05, N=10).
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