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Introduction
Circumpolar studies have provided strong

evidence of the vulnerability of marine ecosys-
tems in response to anthropogenic activities.
Such ecological disturbances are particularly
impactful on biodiversity, which helps protect
ecosystems from extreme conditions. It is thus
imperative to develop biomarkers for long term
monitoring of changes in marine biodiversity
and to better assess comparative responses of
different species. Because of their wide geo-
graphic distribution and their seeding and fil-
ter-feeding nature, mussels, such as Mytilus
edulis and its closely related species, have
been commonly used as sentinel species in
ecotoxicological monitoring programs around
the globe.1-3 Extensive research has been per-
formed on their physiology and their genetic
content in order to develop sensitive and spe-
cific biomarkers. This is especially true for M.
edulis, which has been extensively character-
ized at the cellular and molecular levels, not
only because of their ecological importance,
but also because of their economical impact.4-6

However, because of their distinctive anatomy
and physiology, it is logical to believe that
other mussel species will respond differently to
climate change and exposure to pollutants.7

Our recent comparative study between Mytilus
desolationis (M. desolationis) and Aulacomya
ater (A. ater) supports this hypothesis.8 A bet-
ter knowledge of A. ater could thus provide a
new and complementary tool for monitoring
global climate changes in marine ecosystems,
most notably in the Southern hemisphere,
which is particularly sensitive to climate
change.

Because of its strategically geographical
position, the Kerguelen archipelago is consid-
ered an important site to investigate the
effects of global change on marine

ecosystems.9 Although M. desolationis is nor-
mally the dominant species in most mussel
beds in the Kerguelen archipelago, we found
that some mussel beds, such as one found at
tide depth at Port-aux-Français, is largely dom-
inated by A. ater.8 Whether such diversity is
permanently maintained or will change follow-
ing environmental parturbation will depend on
the ability of mussel species to respond to
environmental stress. Because heat shock pro-
teins (Hsps) play an important role of protec-
tion and maintenance of many vital cellular
functions in response to thermal and toxic
stress, they are commonly used as stress bio-
markers.10,11 Their structural features are high-
ly conserved among eukaryotes and prokary-
otes, especially in the case of hsp70, a widely
used biomarker to monitor the impact of envi-
ronmental factors on various animal species,
including mussels.12-16 Unfortunately, while a
considerable amount of data exists on blue
mussel stress response genes, our knowledge
on A. ater remains fragmentary. In the present
work, we report a detailed comparative analy-
sis of hsp70 stress response gene from Mytilus
desolationis (M. desolationis) and Aulacomya
ater (A. ater). 

Materials and Methods
Collection of specimens

Adult specimens (55–70 mm length) of
blue mussels, M. edulis desolationis, and
ribbed mussels, A. ater were collected on the
intertidal rocky shore of Port-aux-Français
(Kerguelen Islands, France). Mussels were
immediately transferred to the marine labora-
tory of Port-aux-Français and placed in a tem-
perature-controlled (12°C) aerated aquarium
containing filtered recirculating seawater
maintained on a 12 h:12 h light/dark cycle.
Mussels were dissected, tissues frozen in liq-
uid nitrogen, and stored at –80°C until further
analysis.

RT-PCR and sequencing
Tissues (gills) were homogenized by soni-

cation and total cellular RNA was isolated
using the TRIzol reagent (Life Technologies)
according to the manufacturer’s instructions.
Ultraviolet (UV) absorbance was used to
assess the quality and the concentrations of
RNA. First-strand cDNA was prepared from cel-
lular RNA using the reverse transcriptase
Omniscript (QIAGEN, Mississauga, ON,
Canada). cDNAs were amplified using specific
primers (Table 1) with the following condi-
tions: 94ºC for 3 min, followed by 30 to 35
cycles of the following: 94°C for 40 sec, 60°C
for 40 sec (unless otherwise indicated), and
72°C for 40 sec, followed by a final extension
step at 72°C for 10 min. PCR was performed in

a thermal cycler (MJ Research, Watertown,
MA). The amplified products were analyzed by
electrophoresis using 1.5% [w/v] agarose gels,
SYBR Safe (Life Technologies) DNA gel stain-
ing and UV illumination. Sequencing of the
amplicons was performed by the Genome
Quebec sequencing platform. Structure figures
were prepared in PyMOL (The PyMOL
Molecular Graphics System).

Results

Stress-induced ATP-bound hsp70 binds to
newly synthesize unfolded or partially folded
proteins via interaction with hydrophobic pep-
tide segments and prevents their aggregation
into nonfunctional structure. Once the entire
protein is synthesized, it binds to nucleotide
exchange factors (NEFs), such as BAG, thereby
inducing the release of ADP and binding of
fresh ATP, opening the binding pocket
(reviewed in17). Hsp70 binds ATP via its N-ter-
minal ATPase domain (NBD), which consists
of two lobes with a deep cleft between them, at
the bottom of which nucleotide (ATP and ADP)
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binds. The substrate binding domain (SBD) of
hsp70 is responsible for binding to neutral,
hydrophobic amino acid residues in a groove
made of subdomains containing sheets and
helical segments in a manner that is reminis-
cent of the MHC peptide binding groove.18 This
groove is closed by an alpha helical-rich C-ter-
minal «lid» that opens and closes to allow for
substrate binding and release.

To study hsp70 in A. ater, we performed
PCR amplification of hsp70 gene fragments
using specific primers designed following
analysis of multiple sequence hsp70 coding
sequence alignment with the purpose of PCR
amplifying the coding region of hsp70.
Following PCR, amplicons were directly
sequenced and analyzed using BLASTn and
BLASTp hosted by Web servers of the National
Center of Biotechnology Information
(http://www.ncbi.nlm.nih.gov/blast). At the
DNA level, we found that the sequence of
hsp70 of M. desolationis was 98% homologous
to that of M. galloprovincialis, a well-charac-
terized cosmopolitan Mediterranean mussels
species. By comparison, the percent homology
of hsp70 sequence from A. ater was 81% with
M. galloprovincialis. The sequence of hsp70 of
A. ater was closer to that of Septifer virgatus,
the black mussel, than that of the blue mussel
(Figure 1). At the amino acid level, Hsp70 from
M. desolationis was very close (99% identity)
to that of its closely related species, M. gallo-
provincialis and M. coruscus (Table 2). By
comparison, the percent of identity between

hsp70 from M. desolationis and hsp70 from A.
ater and Septifer virgatus was 95% and 94%
respectively. The major differences at the
amino acid level between hsp70 of A. ater and
hsp70 of the blue mussels were located in the
N-terminal NBD domain (Figure 2). Most of
these differences involved conservative of
semi-conservative substitutions, although a
number non-conservative substitutions were
found, most notably on the external surface of

the SBD, suggesting that hsp70 from the
ribbed mussel A. ater differs from the blue
mussel in its functional activity (Table 3).

Because of cellular abundance and high
degree of conservation, hsp70 is perhaps the
best-studied stress biomarker in all taxonomic
groups. In the present work, we provide the
first molecular characterization of hsp70 in A.
ater. In contrast to other mussel species, such
as M. edulis and M. galloprovincialis, which
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Figure 1. Simplified cladogram showing relationships between mussel species based
upon Hsp70 sequence. The cladogram was constructed using the CLUSTAL W (1.83)
multiple sequence T-coffe alignment software (http://www.ebi.ac.uk/Tools/msa/tcoffee/).

Table 1. List of oligoprimers used for amplification of hsp70 of A. ater and M. desolationis.

Name of primers                                  Primer sequences                            Temperature(°C)                  Position         Amplicon Size (bp)
M. desolatinis 

Hsp70gallo467F                                                     5’CTGCAGCTGCTATTGCTTATGG3’                            62°C                                       603-625                               467
Hsp70gallo467R                                                    5’CATGGACAGCAGCCTTGTCT3’                                                                               1050-1070                                
Hsp70gallo448F                                                     5’AGACAAGGCTGCTGTCCATG3’                                62°C                                     1051-1070                             448
Hsp70gallo448R                                                    5’TTCAATCTGGGGCACACCTC3’                                                                               1479-1498                                
Hsp70gallo351F                                                     5’CAGAAGGACCGTATCACCGC3’                                60°C                                     1667-1687                             351
Hsp70gallo351R                                                    5’GGTTGGTCCACCACTTCCAC3’                                                                               1997-2017
Hsp70gallo487F                                                     5’AGGCAGCCATTTTGTCAGGT3’                                60°C                                     1200-1219                             487
Hsp70gallo487R                                                    5’GCGGTGATACGGTCCTTCTG3’                                                                              1667-1686
Hsp70gallo829F Hsp70gallo829R                      ‘5’CAAGGAAGAACAAAGCCCAACGAAAC3’                63°C                                         35-61                                 829
                                                                                 5’CTAAGTCGTCGGACAGCACGC3’                                                                              843-864                                  

A. ater

Hsp70ater265F                                                      5’ ATCACTGCCAAAAACTCTCTGGA 3’                        61°C                                       278-299                               205
Hsp70ater353R                                                     5’ATGGTTGGTCCACCACTTCC 3’                                                                                482-461
Hsp70ater265F                                                      5’ATCACTGCCAAAAACTCTCTGGA 3’                         60°C                                     1686-1708                             265
Hsp70ater366R                                                     5’GTCGACCTCTTCAATGGTTGGT 3’                                                                         1950-1931
Hsp70ater220bF                                                   5’TCCACAGTAGGAGATGAAAAGC3’                            59°C                                     1681-1703                             220
Hsp70ater353R                                                     5’ATGGTTGGTCCACCACTTCC 3’                                                                              1950-1931
Hsp70ater220bFF                                                 5’TCCACAGTAGGAGATGAAAAGC3’                            59°C                                     1667-1686                             366
Hsp70ater366R                                                     5’GTCGACCTCTTCAATGGTTGGT 3’                                                                         2032-2011
Hsp70ater366F                                                      5’TCAGAAGGACCGTATCACCGC 3’                             61°C                                     1667-1686                             353
Hsp70ater353R                                                     5’ATGGTTGGTCCACCACTTCC 3’                                                                              2019-2000                                
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have been studied in details for many years,
molecular characterization of A. ater genes
remains anecdotic at best. Our results showed
that hsp70 from A. ater is significantly differ-
ent from that of M. desolationis. Such differ-
ence can be exploited as a tool to discriminate
between M. desolationis and A. ater samples at
the molecular level. The technique is simple to
perform and can be implemented in all set-
tings where PCR is available. The molecular
characterization of hsp70 in both species thus
provides a new tool to better assess in the
future the ability of both species to environ-
mental stress. Our recent study did indeed
show that both species respond differently two
cadmium-induced apoptosis.8 Although hsp70
is among the most highly conserved gene dur-
ing evolution, at the protein level, our results
also showed that hsp70 of A. ater harbors more
than 30 amino acid substitutions when com-
pared to hsp70 of blue mussels. Because the
substrate specificity of chaperones like hsp70
is dictated by minor changes in the primary
amino acid sequence,19 these changes may
indicate fundamental differences between
hsp70 activity in M. desolationis and A. ater.
Whether such differences may alter their abil-
ity to respond to environmental stress is an
interesting possibility given the progressive
disappearance of A. ater from many marine
habitats.7 The development of novel molecular
stress biomarkers of A. ater could provide a
new and complementary tool for monitoring
global climate changes in marine ecosystems
in the Southern hemispheres, which is partic-
ularly sensitive to climate change. 

In conclusion, we report the molecular
characterization of hsp70 in A. ater and high-
light major differences at the nucleic acid and
protein levels with M. desolationis. This infor-
mation will be useful for the development of
new molecular tools to monitor the effect of
environmental stress on both mussel popula-
tions, which are well known for their ability to
co-exist in the same marine habitat. This
information will also be useful for learning the
phylogenetic relationships between both mus-
sel species and with other A. ater populations
present in various marine ecosystems in the
Southern hemisphere.

Discussion

Because of cellular abundance and high
degree of conservation, hsp70 is perhaps the
best-studied stress biomarker. In the present
work, we provide the first molecular character-
ization of hsp70 in A. ater. In contrast to other
mussel species, such as M. edulis and M. gallo-
provincialis, which have been studied in
details for many years, molecular characteriza-
tion of A. ater genes remains anecdotic at best.
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Figure 2. 3D structure of hsp70 from M. galloprovincialis. The location of mutated
residues from A. ater are shown. Yellow and orange spheres represent conservative and
semi-conservative substitutions. In red, non-conservative substitutions.

Table 2. Percentages of identity of hsp70 at the amino acid level between species.

Species                        M. desolationis                    A.ater                      M. galloprovincialis

M. desolationis                               100%                                         95%                                                 99%
M. galloprovincialis                       99%                                          95%                                                100%
M. coruscus                                      99%                                          94%                                                 99%
S. virgatus                                         93%                                          93%                                                 94%
A.ater                                                 95%                                         100%                                                95%
P. viridis                                            94%                                          93%                                                 94%
C. fluminae                                       91%                                          90%                                                 91%
H. sapiens                                         90%                                          88%                                                 90%
M.musculus                                      90%                                          88%                                                 90%
C. gigas                                              91%                                          90%                                                 91%
C. elegans                                          68%                                          67%                                                 70%
D. melanogaster                              74%                                          73%                                                 76%

Table 3. Amino acid substitutions in hsp70 of M. desolationis and A. ater as compared to
hsp70 of M. galloprovincialis.

M. galloprovincialis                        M. galloprovincialis                 M. galloprovincialis
→ A. ater                                                 → A. ater                         → M. desolationis

Ala2→ Ser2    Lys215→ Glu215                                              Ser
100
→ Thr

100

Thr4→ Ser4  Ile243→ Val243                                                       Val
104
→ Ile

104

Pro6→ deleted6                                                                                Glu256→ Asp256                                                          Thr
112
→ Ser

112

Ile8→ Val8       Ala321→ Ser321                                                   Gly
156
→ Arg

156

Val65→ Ser65 Ala330→ Gly330                                                Lys
216
→ Glu

216

Asp79→ Glu79                                                                                             Ala331→ Gln331                                                              Gln
356
→ Asn

356

Thr93→ Asp93                                                                                        Gln356→ Asn356                                                          Lys
532
→ Gln

532

Asn96→ Ser96                                                                                             Lys452→ Arg452                                                               Ala
632
→ Pro

632

Ser99→ Gly99Gln552→ Ser552                                                                   
Val104→ Ile104                                                                                             Glu555→ Gly555                                                                                    

Thr112→ Lys112                                                                                      Glu565→ Ala565                                                                                 
Ile120→ Val120                                                                                            Ser566→ Asp566                                                                                    

Leu139→ Gln139                                                                                     Glu571→ Val571                                                                                 
Val140→ Ile140                                                                                             Glu571→ Val571                                                                                     

Ser143→ Ala143                                                                                      Asp577→ Glu577                                                                                

Gly156→ Arg156                                                                                            Ile579→ Val579                                                                                      

→ Ser190→ Asn191→ Ala192                                                   Gly602→ Ser602                                                  
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Our results showed that hsp70 from A. ater is
significantly different from that of M. desola-
tionis. Such difference can be exploited as a
tool to discriminate between M. desolationis
and A. ater samples at the molecular level. The
technique is simple to perform and can be
implemented in all settings where PCR is
available. Most importantly, the molecular
characterization of hsp70 in both species pro-
vide a new tool to better assess the ability of
both species to environmental stress. Our
recent study did indeed show that both species
respond differently two cadmium-induced
apoptosis8. Although hsp70 is among the most
highly conserved gene during evolution, at the
protein level, our results also showed that
hsp70 of A. ater harbors more than 30 amino
acid substitutions when compared to hsp70 of
blue mussels. Because the substrate specifici-
ty of chaperones like hsp70 is dictated by
minor changes in the primary amino acid
sequence19, these changes may indicate funda-
mental differences between hsp70 activity in
M. desolationis and A. ater. Whether such dif-
ferences may alter their ability to respond to
environmental stress is an interesting possi-
bility given the progressive disappearance of A.
ater from many marine habitats7. The develop-
ment of novel molecular stress biomarkers of
A. ater could provide a new and complementary
tool for monitoring global climate changes in
marine ecosystems in the Southern hemi-
spheres, which is particularly sensitive to cli-
mate change. 

Conclusions

In conclusion, we report the molecular
characterization of hsp70 in A. ater and high-
light major differences at the nucleic acid and
protein levels with M. desolationis. This infor-
mation will be useful for the development of
new molecular tools to monitor the effect of
environmental stress on both mussel popula-
tions, which are well known for their ability to
co-exist in the same marine habitat. This
information will also be useful for learning the
phylogenetic relationships between both mus-
sel species and with other A. ater populations
present in various marine ecosystems in the
Southern hemisphere.
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