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Abstract Individuals of two species of blue mussels,
Mytilus trossulus (Gould, 1850) and M. galloprovin-
cialis (Lamarck, 1819), that have different latitudinal
distributions, were collected from two locations on the
Pacific coast of the USA where their distributions do
not overlap. To determine if the congeners were differ-
entially sensitive to thermal stress, we first held indi-
viduals of each species at 13°C for 8 wk and then
examined three biochemical indices of thermal damage
to cellular proteins: relative levels of the stress protein
hsp70, quantities of ubiquitin conjugates and the induc-
tion of stress-protein synthesis. The results provide
evidence that the northern species, M. trossulus, was
more thermally sensitive than the southern species, M.
galloprovincialis. Relative levels of hsp70 and amounts
of ubiquitin conjugates were higher in gill tissue from
M. trossulus than in gill from M. galloprovincialis,
which suggests that M. trossulus was more susceptible
to reversible and irreversible protein damage, respec-
tively, than M. galloprovincialis. In addition, the pat-
terns of stress-protein expression as measured by in
vitro radiolabeling experiments using isolated gill
tissue, were significantly different, as follows: (1) the
threshold induction temperatures for hsp70 synthesis
were 23 and 25 °C for M. trossulus and M. galloprovin-
cialis, respectively; (2) the overall intensity of synthesis
and induction was greater in M. galloprovincialis than
in M. trossulus, particularly at the higher incubation
temperatures of 28 and 30°C; (3) M. galloprovincialis
expressed a 30 kdalton, stress protein that was not
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induced in the northern species, M. trossulus. Thus,
after an 8 wk exposure to a common temperature, the
two edulis-like mussel congeners appeared to be
physiologically distinct with respect to thermal damage
to proteins. Due to the energetic cost that is probably
associated with environmentally-induced protein dam-
age and maintaining pools of stress proteins, differen-
tial organismal thermotolerances and protein stabilites
may contribute to setting species distribution-limits.
Our data support conclusions of other workers that M.
trossulus is a more cold-adapted species than M. gallop-
rovincialis.

Introduction

Mytilus edulis was once considered the only species of
blue mussel on the North American Pacific coast (for
review see Koehn 1991 and Gosling 1992). However,
recent evidence suggests that the species formerly
known as M. edulis actually comprises two members of
the M. edulis sibling-species complex, M. trossulus and
M. galloprovincialis (McDonald and Koehn 1988;
McDonald et al. 1991; Sarver and Loudenslager 1991;
Seed 1992; Inoue et al. 1995). McDonald and Koehn
(1988) surveyed allozyme polymorphisms in edulis-like
mussels, and reported that M. trossulus was distributed
from Alaska to central California and M. galloprovin-
cialis was distributed from central California to Baja
California, Mexico, with both species and their hybrids
occurring at the region of overlap. The proposed geo-
graphical distribution of the mussels has been con-
firmed by other workers who looked at variation at
allozyme loci (Sarver and Loudenslager 1991; Sarver
and Foltz 1993). Other studies using molecular tech-
niques either have reported similar results (Rawson and
Hilbish 1995) or have identified M. trossulus further
south than studies using electrophoretic data (Geller
et al. 1994).
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The distribution of M ytilus trossulus and M. gallop-
rovincialis correlates strongly with the sea-surface
temperature cline along the Pacific coast of North
America. For example, the average annual maximum
sea-surface temperature in August is 25°C off Baja
California, Mexico, and 10 to 13°C off mainland
Alaska (Sea-Surface Temperature Chart, U.S. Hydro-
graphic Office, Washington, D.C., USA; as cited in
Lubchenco et al. 1993). Because the mussels are inter-
tidal, they are subject not only to prevailing seawater
temperatures but also to thermal stress during emer-
sion. This latter stress may be especially severe,
particularly when low tides occur at midday. However,
few data are available to quantify thermal stress for
these two congeners. We have shown that heating due
to solar irradiation can increase body temperature in
M. trossulus to > 30°C during summer low tides in
northern Washington State (Hofmann and Somero
1995). Thus, local climatic conditions and seawater
temperatures act in combination to establish the ther-
mal conditions experienced by intertidal mussels. Al-
though both species may experience high temperatures
during periods of emersion, because M. galloprovin-
cialis has the more southern distribution pattern,
it probably experiences environmental temperatures
that are on average warmer than those of M. trossulus.
Thus, M. galloprovincialis may be better adapted
to cope with heat stress than its more northern
congener.

Proteins are one of the most thermally-sensitive
components of organisms, and species with different
average body temperatures commonly have proteins
with different thermal stabilites (Somero 1995). In
previous studies, we have shown that environmental
temperature has an impact on the degree of protein
damage in natural populations of the intertidal mussels
Mytilus trossulus and M. californianus (Hofmann and
Somero 1995; Roberts 1995). We have measured in-
creases in three specific indices of thermal damage to
proteins in mussels that were exposed to elevated envir-
onmental temperatures as a result of either seasonal
differences or microhabitat differences, such as different
heights of occurrence in the intertidal zone. The three
biochemical indices — levels of ubiquitinated proteins,
endogenous levels of the stress protein hsp70 and the
induction temperature of stress protein expression
— were chosen because they are direct measurements of
thermal damage to cellular proteins (Hofmann and
Somero 1995; Somero 1995). However, ubiquitin (Ub)
conjugates and stress-protein expression represent dif-
ferent aspects of thermal damage to protein in cells.
Increased levels of Ub conjugates indicate elevated
levels of irreversibly damaged proteins in cells and are
known to be induced by heat stress in a variety of cell
types (Carlson et al. 1987; Parag et al. 1987; Bond et al.
1988). Ubiquitin is a low molecular weight protein that,
when bound to damaged substrate proteins, targets
them for degradation by cellular proteases (Rechsteiner

1987; Hershko and Ciechanover 1992; Hochstrasser
1995).

Alternatively, variation in the expression of stress
proteins in a cell is indicative of changes in the degree of
reversible protein damage. The expression and accumu-
lation of heat-shock proteins (hsps) in cells is a basic
cellular defense mechanism that is induced during ex-
posure to abnormally high temperatures for that cell
type or by exposure to other environmental stressors
such as anoxia, transition heavy-metals or ethanol
(Hightower 1980; Lindquist 1986; Parsell and Lin-
dquist 1993). A key cellular signal for the induction of
stress-protein expression is the presence of denatured
or abnormal proteins (Hightower 1980; Goff and Gold-
berg 1985; Ananthan et al. 1986; Parsell and Lindquist
1993). As members of the family of molecular chaper-
ones (Ellis and van der Vies 1991; Becker and Craig
1994), stress proteins prevent aggregation of unfolded
proteins (Beckmann et al. 1990; Frydman et al. 1994;
Frydman and Hartl 1994) and, in some cases, re-fold
thermally denatured proteins (Langer et al. 1992;
Schroder et al. 1993; Parsell et al. 1994). In cultured
cells, elevated levels of hsps induce thermotolerance
such that cells exposed to an initial mild heat stress are
later tolerant to temperatures that were lethal prior to
the first heat exposure (Bosch et al. 1988; Mizzen and
Welch 1988; Sanchez and Lindquist 1990; Li et al. 1991;
Solomon et al. 1991; Parsell et al. 1993). Such a mecha-
nism may operate at the organismal level, especially in
eurythermal ectotherms, where elevated cellular levels
of hsps may contribute to the development of longer-
term thermal tolerance such as seasonal acclimatiz-
ation {(e.g. Gehring and Wehner 1995).

Although the stress response is a regulated gene-
expression phenomenon found in all organisms exam-
ined, there are inter- and intraspecific variations in the
stress response that include changes in the endogenous
levels of stress proteins and alterations in the temper-
ature at which stress-protein expression is induced
(Dietz and Somero 1992; Somero 1995). Neither of
these features is genetically fixed, and both have been
shown to be subject to acclimation and acclimatization
(Oda et al. 1991; Dietz and Somero 1992; Dietz 1994;
Hofmann and Somero 1995; Roberts 1995). Thus, vari-
ation in accumulated levels of stress proteins and shifts
in threshold induction-temperatures serve as good
indicators of differential effects of thermal stress on
proteins of a species.

In the current study, we examined whether the mus-
sel congeners M ytilus trossulus and M. galloprovincialis
are physiologically differentiated with respect to tem-
perature and whether adults of the two species have
different thermal sensitivities that could contribute to
maintaining the observed biogeographical patterning.
Our approach was to test the effect of temperature on
the mussels using techniques we have successfully em-
ployed to study thermal damage to proteins in field
populations of intertidal mussels. Comparisons of Ub



conjugate levels and characteristics of the stress re-
sponse were made after both species had been held
under controlled laboratory conditions at 13 °C, a tem-
perature within ecologically relevant ranges for the
congeners.

Our results show that Mytilus trossulus and M. gal-
loprovincialis exhibited different levels of ubiquitinated
proteins and amounts of endogenous hsp70, and dis-
played variation in the induction of stress-protein syn-
thesis. These data provide evidence that the two species
are physiologically and biochemically differentiated
with respect to temperature. With regard to the recent
advances in the understanding of the heat-shock re-
sponse and the ability of these proteins to confer
thermotolerance to cells and organisms (Parsell and
Lindquist 1993, 1994; Gehring and Wehner 1995; Hof-
mann and Somero 1995; Somero 1995), our study pro-
vides new insights into the roles stress proteins
and thermal damage to proteins may play in setting
the thermal tolerance-limits of organisms and, thus,
in influencing biogeographic patterns of species’
distribution.

Materials and methods

Specimen collection and acclimation conditions

Mussels were obtained from two latitudinally distinct sites where the
potential for co-occurence and hybridization of the two congeners
was remote (McDonald and Koehn 1988; Sarver and Foltz 1993;
Geller et al. 1994). Specimens of M ytilus trossulus (Gould, 1850) were
collected at Garrison Bay on San Juan Island, Washington (Puget
Sound: 48 °34'N; 123°9'W) from an intertidal location. M. gallop-
rovincialis (Lamarck, 1819) were collected from the Scripps Pier at
the Scripps Institution of Oceanography in La Jolla, California (32°
52'N; 117°16"W). Collections were made in June and July 1994. No
mortality was observed for either species following collection and
transport.

Both species were placed in a temperature-controlled 120-liter
seawater aquarium and held at 13 °C for 8 wk. During the temper-
ature exposure period, mussels were fed three times per week with an
algal suspension designed to support maintenance nutritional re-
quirements (Algae Preserve Diet “B”; Coast Seafoods Company,
Bellevue, Washington). No mortality was observed during the
course of the experiment.

Western-blot analysis of hsp70 levels

Western-blot analysis was used to compare the relative levels of
isoforms of hsp70 in gill tissue from Mytilus trossulus and M.
galloprovincialis following the acclimation period. Prior to elec-
trophoresis, protein determinations were made on the gill extracts
using a Coomassie Plus protein assay (Pierce Chemical Co.). Equal
amounts of gill protein (10 ug per lane) in SDS (sodium dodecy!
sulfate) sample buffer were then separated on a 7% SDS-polyac-
rylamide gel. The separated proteins were then transferred to nitro-
cellulose membrane (MSI Nitrobind; 0.45 pm) via semi-dry elec-
trophoretic transfer at 115 mA for 1.5h, using a transfer buffer
composed of 192 mM glycine, 24 mM Tris base and 20% methanol.
The immunodetection was performed using an enhanced
chemiluminescense protocol (Lindquist personal communication)
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described in Hofmann and Somero (1995). The antibody used for
the analyses was an anti-hsp70 rat monoclonal antibody (7.10)
that recognizes both cognate and heat-inducible forms of hsp70
in a wide variety of eucaryotes (Kurtz et al. 1986). When screened
against proteins from mytilid gill, the antibody typically detects
a range of 3 to 5 different isoforms after separation by one-
dimensional electrophoresis (Hofmann and Somero 1995; Roberts
1995).

Incubation procedures for radiolabeling gill proteins using
35S amino acids

For the induction experiments, gill tissue from Mytilus trossulus
(n=4) and M. galloprovincialis (n = 5) was radiolabeled in vitro
to test for the induction of hsps over a range of temperatures.
In order to avoid heat-shocking the tissue prior to induction
experiments, gill lamellae were dissected from mussels underwater in
trays containing 13 °C seawater, and individual lamellae were cut
into sections of equal size (=100 mg). Individual gill pieces were
transferred, one each, into seven microcentrifuge tubes with 500 pl of
artificial seawater containing 10 mM glucose that had been pre-
equilibrated to the required incubation temperature. The temper-
ature range used to test for hsp induction was as follows: 13°
(control), 17, 20, 23, 25, 28 and 30°C. After addition of 50 to 60 pCi
of 33S-labeled methionine/cysteine amino acid mix (Trans-35 meta-
bolic labeling reagent; ICN Biomedicals), gill pieces were incubated
for 2 h in temperature-controlled water baths, with aeration every
20 min.

At the end of the incubation period, the tissue pieces were washed
twice with 0.5 ml of 4°C non-radioactive incubation medium, and
homogenized with a teflon pellet pestle in 300 pl of SDS homogeniz-
ation medium (32 mM Tris-HCI, 2% SDS, 1 mM phenylmethylsul-
fonylfluoride (PMSF), pH 6.8). Following homogenization, the gill
homogenate was boiled for 5min, centrifuged for 15min at
16000 x g, and the resulting supernatant was removed and stored at
— 20°C for SDS-polyacrylamide electrophoresis.

Electrophoresis, fluorography and analysis
of protein-expression patterns

Protein-expression patterns in gill tissue were examined using SDS-
polyacrylamide separation of radiolabeled proteins followed by
fluorography. Extracts of gill proteins in SDS sample buffer
(62.5 mM Tris-HCI, pH 6.8, 10% glycerol, 2% SDS, 5% 2-mercap-
toethanol and 0.01% bromphenol blue) were loaded to equivalent
amount of radioactivity per lane (6 x 10° cpm) and subjected to
electrophoresis on a 10% polyacrylamide gel according to the
methods of Laemmli (1970). After electrophoresis, the gels were
treated with an autoradiographic enhancer (EN*HANCE; NEN)
according to the manufacturer’s instructions. Fluor-treated gels
were dried at 60°C for 2.5h and then exposed to X-ray film
(Kodak X-OMAT ARS) for 15h at — 70°C. Densitometric anal-
ysis of protein bands was performed using a Molecular Dynamics
scanning densitometer and ImageQuant software (Molecular
Dynamics).

Relative levels of hsp70 synthesis were calculated by first stand-
ardizing the intensity of absorbance of the hsp70 bands to the
intensity of a 42 kdalton non-heat-inducible protein for each sample.
Since any elaboration of hsp synthesis at higher temperatures could
be argued to be the result of a Q,, effect, standardization of the
amount of hsp synthesized with a non-heat inducible protein ac-
counts for the effects of temperature on the rate of synthesis of
proteins. Finally, the standardized intensity of the hsp70 band was
expressed relative to the amount of hsp70 synthesis in the 13°C
control incubations.
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Quantitative immunochemical assay for ubiquitin conjugates

The amount of ubiquitinated protein in gill tissue was quantified
using a solid-phase immunochemical assay as described by Hof-
mann and Somero (1995), which is a modified procedure from that
developed by Haas and Bright (1985). A ubiquitin-conjugate stan-
dard curve was generated using Ub-conjugate standards prepared as
described by Haas and Bright. The standard curve ranged from 0 to
1.0 pmol of Ub conjugates. Gill was homogenized in a sample buffer
containing 50 mM Tris-HCl, pH 7.6, 20 mM leupeptin, 1 mM
PMSF, 5mM iodoacetamide and 2 mM EDTA, diluted to 40 pg
proteinml ~* and then serially diluted in 150 mM NaCl so that the
signal generated during the immunochemical assay was within the
linear range of the X-ray film and within the range of the Ub-
conjugate standard curve. Triplicate 100 pl volumes of diluted sam-
ples and standards were applied to a pre-hydrated nitrocellulose
membrane (0.2 um; Schleicher and Schuell) using a dot-blot vac-
uum-apparatus.

Following sample application via gravity flow, the blot was
washed three times with 500 pl per well of Tris-buffered saline
(25 mM Tris-HCI, pH 7.5, 150 mM NaCl) and immunostained as
described by Haas and Bright. A rabbit polyclonal anti-Ub-conju-
gate antibody (provided by Dr. A.L. Haas) was used to detect Ub
conjugates. Final detection was conducted using ?°I-Protein A (at
2x 10° to 2.5 x 10° counts min " !). Protein A is a bacterial cell-wall
protein that has a high affinity for immunoglobulins from a variety
of animals, including rabbit IgG. Dot blots were exposed to X-ray
film (Kodak X-OMAT AR) at — 70°C for 24 to 72 h, developed,
and densitomentrically scanned at 540 nm on a Micro Tek plate
reader.

Determination of radiolabeled amino acid incorporation:
TCA precipitation assay

Total radioactivity incorporated into protein during in vitro incuba-
tions for the induction experiments was determined using trich-
loroacetic acid (TCA) precipitation of proteins onto glass-fiber fil-
ters. Aliquots (5 pl) of the radioactive gill extracts from the induction
experiments were applied to 2.5cm Whatman GF-C glass-fiber
filters and allowed to air-dry. The dried filters were washed in
excess volumes of ice-cold 10% TCA followed by two washes in
5% TCA at room temperature. Filters were rinsed in 95% ethanol,
dried at room temperature, and counted in a scintillation cocktail.
Incorporation values were calculated by expressing total counts of
radioactivity as a function of total gill protein. Protein determina-
tions were made using a Coomassie Plus protein assay (Pierce
Chemical Co.).

Results

Endogenous levels of hsp70 in mussels held at 13°C
for 8 wk

Using western-blotting techniques, we measured the
relative endogenous levels of hsp 70 in gill tissue from
specimens of Mytilus trossulus and M. galloprovincialis
following an 8 wk exposure period at 13°C. As shown
in a representative ECL western blot in Fig. 1, the
anti-hsp70 monoclonal antibody detected 2 to 3 differ-
ent forms of hsp70 in gill from both mussels. For
quantification purposes, these isoforms have been ozr-
ganized into two groups according to size, a low
molecular weight group containing protein ranging
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Fig. 1 Mytilus galloprovincialis (Lanes 1 to 6) and M. trossulus
(Lanes 7 to 12). Western-blot analysis of endogenous levels of iso-
forms of stress protein hsp70 in gills held at 13 °C for 8 wk. Lanes
contain equivalent amounts of protein (10 ug) from gill extracts
prepared from three individuals of each species, and show endogen-
ous hsp70 levels for three M. galloprovincialis individuals (Lanes 1 to
6) and three M. trossulus individuals (Lanes 7 to 12). Each gill sample
was run in duplicate in two consecutive lanes. Immunodetection was
performed using rat monoclonal anti-hsp70 antibody and enhanced
chemiluminescence protocol. Following application of ECL re-
agents, blot was exposed to X-ray film for 60s. The 71 kdalton
protein molecular weight standard was generated using Kaleido-
scope Pre-stained Standards (BioRad)

from 66 to 68 kdaltons and a high molecular weight
group of proteins in the range of 70 to 73 kdaltons
(Fig. 1).

After the 8 wk exposure period at 13 °C, gill tissue
from the northern species, M ytilus trossulus, contained
total levels of hsp70 isoforms that were over three-fold
greater than those measured in M. galloprovincialis
(Fig. 2). Gill from M. trossulus contained significantly
higher levels of the 66 kdalton hsp70 isoforms than did
gill from M. galloprovincialis (Fig. 2). Levels of the 70
kdalton isoforms were also greater in gill from M.
trossulus but the difference was not statistically signifi-
cant (Iig. 2).

Comparison of stress-protein expression in isolated gill
samples after 8 wk temperature exposure

Induction temperatures for stress-protein expression
were examined in M ytilus trossulus and M. galloprovin-
cialis after the mussels had been held at 13 °C for § wk.
The representative fluorograms in Fig. 3 show the pat-
terns of protein synthesis in gill during in vitro
radiolabeling incubations over a range of temperatures.
As shown in Fig. 3, a high degree of consistency was
observed among the specimens within a species in
terms of (1) the size classes of proteins synthesized
constitutively, (2) the relative band intensity of these
constitutively synthesized proteins, which represents
the efficiency of incorporation of 33S-radiolabeled
amino acid into protein, and (3) the induction of speci-
fic bands in response to heat stress. The general expres-
sion pattern in both mussel species revealed two classes
of proteins: cellular proteins that were synthesized at all
temperatures (e.g. a prominently labeled 46 kdalton
protein) and a set of stress proteins that were induced at
the higher temperatures (Fig. 3). Although isolated gill
from both species synthesized a 70 kdalton-class stress
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Fig. 2 Mytilus trossulus and M. galloprovincialis. Relative levels of
hsp70 isoforms in gill tissue following exposure to 13 °C for 8 wk.
Data are relative intensities of hsp70 isoforms determined from ECL
western blots. Band intensities are expressed as pixel intensities
measured by scanning laser densitometer. Because all samples were
analyzed on a single western blot, no standardization of band
intensities was required. Each column represents mean + SEM
(bars) of five mussels. *Significantly different from 66 kdalton hsp70
isoforms measured in M. galloprovincialis (unpaired ¢-test; P < 0.05)

protein, M. galloprovincialis also expressed a low mo-
lecular weight heat-shock protein of ~30 kdaltons that
was not synthesized in gill from M. trossulus (Fig. 3).

The temperature profiles for hsp70 synthesis in iso-
lated gill tissue from Mytilus trossulus and M. gallop-
rovincialis are shown in Fig. 4. The data were first
standardized using the intensity of an internal control
protein band (42 kdaltons), and then expressed relative
to the amount of synthesis performed by the 13°C
control-sample of gill tissue. Thus, as shown in Fig. 4,
the 13°C sample value is equivalent to 1, and hsp70
synthesis for all other temperatures is expressed relative
to this value.

A strong induction of hsp70 synthesis was first ob-
served at 25°C in gill from Mytilus galloprovincialis
(Figs. 3b, 4). The synthesis of hsp70 relative to the 42
kdalton protein was even higher at 28 °C, and synthesis
was still evident at 30 °C (Figs. 3b, 4). By comparison,
isolated gill from M. trossulus exhibited a dampened
induction profile (Fig. 4). The synthesis of hsp70 was
first observed at 23°C in M. trossulus (Fig. 3a). How-
ever, the intensity of the hsp70 band was much fainter
than that observed in gill from M. galloprovincialis
(Fig. 3) and the relative levels of hsp70 synthesis did not
vary with temperature (Fig. 4). At the higher temper-
atures of 28 and 30°C, the overall incorporation of
radiolabeled amino acid into protein was somewhat
lower in M. trossulus than in M. galloprovincialis. Vis-
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val inspection of the fluorograms in Fig. 3 shows
a qualitative difference, where by the lanes containing
the M. trossulus 28 and 30 °C samples display bands of
reduced intensity compared to the lanes containing M.
galloprovincialis samples. This observation was sup-
ported using TCA-precipitation assays to measure the
amount of radioactive protein in the gill extracts. At 28
and 30°C, M. galloprovincialis gill tissue incorporated
34191 + 7857 and 22057 + 1384 counts ng " ! protein
(mean + SEM; n = 5) into protein, respectively, com-
pared to 21098 + 5404 and 15388 + 3328 counts
ug ! protein (mean + SEM; n = 4) by gill tissue from
M. trossulus. Although these data were not significantly
different, they do suggest lower levels of incorporation
by gill from M. trossulus at high temperatures.

Ubiquitin conjugate levels in gill tissue of mussels after
8 wk temperature exposure

Ubiquitin-conjugate levels in the gill tissue of Mytilus
trossulus and M. galloprovincialis were measured using
a Ub-conjugate standard curve ranging from 0.1 to 1.0
pmol Ub conjugates (data not shown). Dot-blotting of
serially diluted samples showed that gill from M. tros-
sulus contained significantly higher quantities of Ub
conjugates than gill from M. galloprovincialis
(P < 0.05; Student’s t-test) following the 8 wk period at
13°C. Specifically, M. trossulus gill contained
0.105 4+ 0.0102 pmol Ub conjugates pg~! protein
(mean + SEM; n = 5), and M. galloprovincialis gill con-
tained 0.067 4 0.0035 pmol Ub conjugates pug~* pro-
tein (mean + SEM; n=175). These measurements
suggest that the 13°C temperature regime for 8 wk
resulted in a greater degree of irreversible protein dam-
age in the northern species than in the southern species.

Discussion

Within the marine environment, there are numerous
examples of species replacements along latitudinal
gradients that are accompanied by differences in envir-
onmental temperature (Vernberg 1962; Ficlds et al.
1993). The present study was designed to examine po-
tential physiological and biochemical underpinnings of
the latitudinal separation of the edulis-like mussel con-
geners found on the Pacific coast of North America.
Specifically, is the more northern-occurring species,
Mytilus trossulus, more impacted by high temperature
stress than its southern-occurring congener, M. gallop-
rovincialis? The physiological determinants of the dis-
tribution patterns of the Pacific coast edulis-like mus-
sels have not been thoroughly examined, but a few
studies suggest that both adults and larval stages of the
mussels of the M. edulis sister-species complex may
have different physiological responses to temperature.
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Fig. 3 Mytilus trossulus and M. galloprovincialis. Heat-shock pro-
tein-induction profiles in gills following exposure to 13 °C for 8 wk.
Fluorograms from induction experiments on isolated gill tissue from
three individuals of M. trossulus (a) and M. gailoprovinciciis (b) are
shown, with '*C-labeled protein molecular weight markers ( MW)
in kdaltons and gill samples incubated at temperatures shown.
Extracts of gill, radiolabeled with *°S methionine/cysteine amino-
acid mixture (Trans-35; ICN Biomedicals) containing 600 000 cpm,
were loaded in duplicate lanes and then electrophoresed on 10%
polyacrylamide gel. Fluorograms shown were exposed to X-ray film
for 15h at —70°C
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Hilbish et al. (1994) have shown that adult M. gallop-
rovincialis exhibited higher feeding and metabolic rates
than M. edulis when held at 23 °C. Geller et al. (1994)
have reported the occurrence of M. galloprovincialis
larvae at latitudes where adults are not found, which

b Incubation temperatures (°C)
MW 13° 17° 20° 23° 25° 28° 30°

suggests that thermal tolerances of the larvae of these
congeners differ.

Interspecific comparisons of ectothermic species
from different latitudes have shown variations in pro-
tein stability and function correlated with average habi-
tat temperature (Graves and Somero 1982; Swezey and
Somero 1982; McFall-Ngai and Horwitz 1990; Dah-
lhoff and Somero 1993; Lin and Somero 1993). In the
current study, our approach was to determine whether
differences in the latitudinal distributions of mussels
were correlated with interspecific differences in thermal
damage to proteins as indexed by the heat-shock
response and formation of Ub conjugates. Three signif-
icant findings suggest that the edulis-like mussel con-
geners have different thermal sensitivites and that
Mytilus trossulus is more sensitive to heat stress than
M. galloprovincialis.
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and n = 5 M. galloprovincialis individuals

First, we measured significantly higher levels of
hsp70 isoforms in gill from Mytilus trossulus as com-
pared to M. galloprovincialis after the 8§ wk exposure
period (Fig. 2). The endogenous levels of the 66 kdalton
hsp70 isoform was particularly enhanced in gill from
M. trossulus relative to gill from M. galloprovincialis
(Figs. 1, 2). The three-fold higher standing stocks of
hsp70 isoforms in gill of M. trossulus suggest that this
tissue was subject to greater degrees of protein de-
naturation at 13 °C than gill from the southern species,
M. galloprovincialis.

It is important to note that the levels of hsp 70 (and
ubiquitinated proteins; see below) that were observed
after the 8 wk exposure period were a consequence of
the thermal exposure to 13 °C in the laboratory. This
conclusion is based on the following consideration. The
half-lives of hsps in invertebrates and other organisms
are short, typically on the order of 1 to 2d (Landry et al.
1982; Chen et al. 1990). Therefore, hsps turn over about
as rapidly as other cellular proteins whose average
half-lives have been shown to be ~3d (Beynon and
Bond 1986). Thus, the levels of hsps measured at the
end of the 8 wk exposure period are almost certainly
due entirely to hsps newly synthesized during this peri-
od. The design of this experiment was to conduct an
in vivo protein-denaturation experiment in which the
two species were held under identical conditions and
the resulting effects of this thermal stress on protein
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denaturation were quantified. An 8 wk exposure period
was used to ensure that any hsp70 proteins present at
the start of the experiment would be degraded before
the hsp70 pools were measured at the end of the ther-
mal exposure period.

Evidence from studies on other ectotherms is consis-
tent with the differential effects of laboratory acclima-
tion on hsp70 standing-stocks in the edulis-like mussels.
Although a precise mechanism of regulation of hsp70
synthesis is unknown at this time, data from both
laboratory and field studies indicate that (1) cellular
concentrations of hsps vary with the thermal history of
an organism, and (2) there are inter- and intraspecific
differences in hsp standing-stocks (Somero 1995). In the
laboratory, endogenous levels of hsp70 vary with tem-
perature acclimation in ectothermic animals (Dietz and
Somero 1992; Sanders et al. 1992; Wehner and Gehring
1995). Sanders et al. (1992) measured a 4- to 10-fold
increase in hsp70 concentrations in Mytilus edulis (pre-
sumably M. galloprovincialis) during an 8 wk acclima-
tion at 27 °C. Standing-stock levels of hsps have also
been shown to be subject to seasonal acclimatization in
the intertidal mussels M. trossulus (Hofmann and Som-
ero 1995) and M. californianus (Roberts 1995), a eu-
rythermal estuarine fish Gillichthys mirabilis (Dietz and
Somero 1992), and freshwater teleosts (Fader et al.
1994). For natural populations of M. trossulus, the
standing stock of hsp70 in the gill was significantly
higher in summer-collected mussels than in winter-
collected mussels (Hofmann and Somero 1995).
However, at this time, more studies are required to
determine whether species adapted to different temper-
atures have correspondingly different levels of heat-
shock proteins.

At the biochemical level, one interpretation of the
interspecific differences in hsp70 levels is that gill
cells in Mytilus trossulus possess proteins that have
intrinsically lower thermal stabilities than those of M.
galloprovincialis. A strong positive correlation between
protein thermal stability and evolutionary adaptation
temperature has been shown for structural proteins and
enzymes in a variety of ectothermic species (see Somero
1995 for review). Based upon these studies, M. gallop-
rovincialis would be predicted to have a protein pool
with a higher degree of structural stability than M.
trossulus.

A second major finding of this study provides addi-
tional evidence that Mytilus trossulus and M. gallop-
rovincialis have protein pools with different thermal
stabilities and, additionally, shows that the congeners
may face different energy costs in coping with heat
stress. Elevated quantities of Ub conjugates in gill from
M. trossulus compared to levels in gill from M. gallop-
rovincialis suggest that the northern species had a high-
er degree of Ub-mediated protein degradation after
an 8 wk period at 13°C (see third subsection of Re-
sults), consistent with the hypothesis of lower protein
stability in the more northern species. Increased
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protein turnover as a result of heat stress could add
appreciably to an organism’s energy costs (see end of
“Discussion”),

As in the case of hsp70, the turnover of ubiquitinated
proteins is rapid enough to ensure that any
ubiquitinated proteins present at the start of the experi-
ment would be degraded long before the end of the
8 wk exposure period. We have found that levels of
ubiquitinated proteins vary significantly during the
course of the day, in conjunction with tidal cycle effects
(Hofmann and Somero 1996). Thus, levels of
ubiquitinated proteins rise rapidly after reimmersion at
high tide, and decrease to pre-emersion levels within
several hours. The rapidity of the turnover of
ubiquitinated proteins ensures that the amounts of
ubiquitin conjugates present at the end of the 8 wk
experiment were the consequence of thermal exposure
during this period.

The basic understanding of the role of Ub in protein
degradation during heat stress has come from studies of
cultured cells. For example, in chicken fibroblasts, con-
centrations of Ub conjugates increase dramatically,
from 3.2 to 7.8 pmol per 10° cells, after heat treatment
at 45°C for 60 min, and protein turnover increases
once these cells are in recovery (Bond et al. 1988). Our
studies are the first to use Ub conjugates as in index of
thermal damage in situ (Hofmann and Somero 1995).
We have asked whether mussels in nature experience
variations in protein degradation based upon temper-
ature changes in their environment, i.e. on a seasonal
basis or as a function of microhabitat. Results from
field studies conducted in the San Juan Archipelago
(Puget Sound, USA) on Mytilus trossulus have shown
that gill from summer-collected mussels have six-fold
higher concentrations of Ub conjugates than gill from
winter-collected mussels (Hofmann and Somero 1995).
Mussel body-temperatures in summer ranged from 10
to 35°C during emersion at low tide, whereas winter
body-temperatures were on average between 5 and
10°C. In addition, data from field populations of the
rocky outer-coast mussel M. californianus show that
Ub-conjugate concentrations correlated with tidal
height; mussels collected from higher sites that receive
more aerial exposure have elevated levels of Ub conju-
gates (Hofmann unpublished observation). We con-
clude that levels of ubiquinated proteins are strongly
dependent on thermal exposure, and that interspecific
differences in protein thermal stability and intraspecific
differences in microhabitat conditions influence protein
turnover costs.

As the third finding, in vitro radiolabeling experi-
ments showed that gill from Mytilus trossulus and M.
galloprovincialis varied in the patterns of stress-protein
expression over a temperature range from 13 to 30°C
(Figs. 3,4). M. galloprovincialis gill consistently dis-
played initial synthesis of hsp70 at 25 °C, strong induc-
tion at 28 °C, and continued expression of hsp70 at
30°C (Fig. 3b). In contrast, isolated gill from M. tros-

sulus displayed a much reduced stress-protein induc-
tion response (Fig. 3a). Hsp70 synthesis was detectable
at 23°C in all specimens examined, but the amount of
synthesis and the preferential synthesis over other nor-
mal cellular proteins, was never as strong as in gill from
M. galloprovincialis (see Fig. 3).

Similar to standing-stock concentrations of stress
proteins, the induction temperature for stress-protein
expression is not a genetically fixed trait for a species
and has been shown to be subject to acclimation and
acclimatization (Somero 19935). There are relatively few
studies that have examined the induction patterns of
hsps in natural populations of organisms (Dietz and
Somero 1992; Dietz 1994; Sharp et al. 1994; Roberts
1995). Nonetheless, evidence from these organismal
studies shows that as an animal is cold-accli-
mated/acclimatized, the induction temperature for
stress protein expression decreases and, during warm-
acclimation/acclimatization, the induction temperature
increases. Thus, temperature acclimation/acclimatiz-
ation effectively alters the set-point of the cellular
thermometer and changes the temperature required to
induce the synthesis of stress proteins.

In this study, the nature of stress-protein induction
and the expression patterns for Mytilus trossulus and
M. galloprovincialis were different after both species
were given the same thermal exposure. First, the hsp70-
induction profile was significantly dampened in M.
trossulus compared to M. galloprovincialis (Fig. 4). The
common exposure temperature was at opposite ex-
tremes of the habitat temperature range for each spe-
cies. Exposure to 13 °C is probably in the upper range
of seawater temperatures that the northern species, M.
trossulus, would experience, and is in the lower range of
seawater temperatures for the southern species, M.
galloprovincialis. Elevated levels of endogenous hsp70
in M. trossulus gill tissue directly suggested that the
8 wk exposure to 13 °C represented a significant, albeit
sublethal heat stress for the northern species. This may
have contributed to the dampened expression of hsp70
during the induction experiments (see below). A re-
duced ability to activate the stress response has been
observed in organisms exposed to chronic heat-stress
conditions (e.g. Howarth 1991). However, despite the
8 wk period at a relatively warm temperature, the
northern species did not induce stress-protein synthesis
at a higher temperature than M. galloprovincialis.
Second, M. galloprovincialis synthesized a 30 kdalton
protein not observed in gill from M. trossulus following
the 8 wk exposure period (Fig. 3). It should be noted
that M. trossulus may be capable of expressing the 30
kdalton protein under different thermal conditions and
our results should not be interpreted as representing
the absolute hsp-expression pattern for this species.
However, for the purposes of our study, this was a sig-
nificant observation: the two species displayed different
hsp-expression patterns under the temperature regime
used in the experiment. In the literature, studies of



differential stress-protein expression in other closely
related species have shown that the more thermotoler-
ant organism tends to synthesize a greater variety
of stress proteins. In two species of the fresh water
cnidarian Hydra, the more thermotolerant species,
H. attenuata, synthesizes hsp60, whereas the more ther-
mosensitive species, H. oligoctis, does not (Bosch et al.
1988). Limpets of the genus Collisella show a similar
pattern, where by C. scabra, which is found high in the
intertidal zone and is exposed to greater degrees of heat
stress, expresses more isoforms of hsp70 and hsp60
than does C. pelta, a more thermosensitive species that
occurs lower in the intertidal (Sanders et al. 1991).

The reduced intensity of synthesis of hsp70 in gill
from Mytilus trossulus compared to M. galloprovin-
cialis was a striking difference in the protein-synthesis
patterns in the induction experiments. One hypothesis
that might account for the dampening of hsp70 induc-
tion is the “cellular thermometer” model for the regula-
tion of stress-protein expression (Craig and Gross
1991). According to this model, an hsp such as hsp70
negatively regulates heat-shock gene expression via
a negative feedback loop, and essentially controls its
own expression. Under normal cellular conditions,
hsp70 is thought to bind to the heat-shock factor (HSF)
and prevent this transcriptional factor from activating
heat-shock gene expression (Morimoto 1993; Mori-
moto et al. 1994a, b). During heat shock, hsp70 releases
HSF and binds to the increasing number of denatured
and misfolded proteins in the cell. Released HSF then
activates heat-shock gene transcription and increases
the pool of free hsp70, which at some point will reach
a threshold high enough to re-sequester HSF into
hsp70-HSF complexes and feedback to terminate its
own expression. Taken together, the events above
describe a mechanism where by hsp70 controls the
transcription of heat-shock genes and couples the
expression of stress proteins to the functional state of
the cell and its requirements for molecular chaperones
to deal with protein damage. Thus, cumulative heat-
shock events will increase pools of free hsp70 in cells
and, hypothetically, alter the nature of the stress re-
sponse and the temperature required for induction of
stress-protein expression (Dietz and Somero 1992;
Morimoto 1993). In the light of the model, the elevated
levels of hsp70in M. trossulus gill cells may account for
the reduced intensity of hsp70 expression in response to
in vitro heat shock.

In conclusion, we have shown that M ytilus trossulus
and M. galloprovincialis vary significantly in stress-
protein expression and Ub-mediated protein degrada-
tion when given a common temperature exposure. In
our studies of intertidal marine invertebrates, we have
hypothesized that environmentally-induced protein
damage may play a role in setting species’ distribution
limits by impacting organismal energy budgets (Hof-
mann and Somero 1995). In heat-stressed organisms,
cellular energy demands may increase dramatically due

73

to the energy requirements associated with replacing
damaged proteins and maintaining stocks of stress
proteins. Exaggerated energy costs induced by environ-
mental heat stress would negatively impact a species’
energy budget and result in fitness consequences
because of reduced energy available for growth and
reproduction (Krebs and Loeschcke 1994a,b). As
a consequence, thermal denaturation and the asso-
ciated costs of restoring the native protein pool could
be an important component of the cost of thermal-
habitat selection (Hawkins 1991; Huey 1991) and there-
fore contribute to setting species’ distribution patterns.
The results of our investigation provide evidence that
environmentally-induced protein damage and the re-
lated energetic and fitness consequences may contrib-
ute to the observed geographical separation of adult
forms of the congeneric mussels M. trossulus and M.
galloprovincialis.

Acknowledgements We would like to thank Dr. A.L. Haas and Dr. S.
Lindquist for providing the antibodies used in these experiments.
We also thank Ms. L. Holland for assistance with the collection of
mussels. The authors are grateful to Dr. M. Sewell for critical
readings of the manuscript and to Dr. J. Torres for thoughtful
discussions during the course of the study. This work was supported
by a National Science Foundation (NSF) Marine Biotechnololgy
and Ocean Sciences Postdoctoral Fellowship to G.E.H. and NSF
Grant IBN 9206660 to G.N.S.

References

Ananthan J, Goldberg AL, Voellmy R (1986) Abnormal proteins
serve as eukaryotic stress signals and trigger the activation of
heat shock genes. Science, NY 232: 522-524

Becker J, Craig EA (1994) Heat-shock proteins as molecular chaper-
ones. Eur J Biochem 219: 11-23

Beckmann RP, Mizzen LE, Welch WJ (1990) Interaction of hsp70
with newly synthesized proteins: implications for protein folding
and assembly. Science, NY 248: 850-854

Beynon RJ, Bond JS (1986) Catabolism of intracellular proteins:
molecular aspects. Am J Physiol 251: C141-C152

Bond U, Agell N, Haas AL, Redman K, Schlesinger MJ (1988)
Ubiquitin in stressed chicken embryo fibroblasts. J biol Chem
263: 2384-2388

Bosch TCG, Krylow SM, Bode HR, Steele RE (1988) Thermotoler-
ance and synthesis of heat shock proteins: these responses are
present in Hydra attenuata but absent in Hydra oligactis. Proc
natn Acad Sci USA 85: 7927-7931

Chen Q, Lauzon LM, De Rocher AE, Vierling E (1990) Accumula-
tion, stability and localisation of a major chloroplast heat-shock
protein. J Cell Biol 110: 18731883

Carlson N, Rogers S, Rechsteiner M (1987) Microinjection of
ubiquitin: changes in protein degradation in HeLa cells sub-
jected to heat-shock. J Cell Biol 104: 547-555

Craig EA, Gross CA (1991) Is hsp70 the cellular thermometer?
Trends biochem Sciences 16: 135-140

Dahlhoff E, Somero GN (1993) Kinetic and structural adaptations
of cytoplasmic malate dehydrogenases of eastern Pacific
abalone (genus Haliotis) from different thermal habitats: bio-
chemical correlates of biogeographical patterning. J exp Biol
185: 137-150

Dietz TJ (1994) Acclimation of the threshold induction temperatures
for 70-kDa and 90-kDa heat shock proteins in the fish Gillich-
thys mirabilis. J exp Biol 188: 333-338



74

Dietz TJ, Somero GN (1992) The threshold induction temperature
of the 90-kDa heat shock protein is subject to acclimatization in
eurythermal goby fishes (genus Gillichthys). Proc natn Acad Sci
USA 89: 3389-3393

Ellis RY, van der Vies SM (1991) Molecular chaperones. A Rev
Biochem 60: 321-347

Fader SC, Yu Z, Spotila JR (1994) Seasonal variation in heat shock
proteins (hsp70) in stream fish under natural conditions. J therm
Biol 19: 335-341

Fields P, Graham JB, Rosenblatt RH, Somero GN (1993) Effects of
expected global change on marine faunas. Trends Ecol Evolut §:
361-366

Frydman J, Hartl FU (1994) Molecular chaperone functions of
hsp70 and hsp60 in protein folding. In: Morimoto RI, Tissieres
A, Georgopoulos C (eds) The biology of heat shock proteins and
molecular chaperones. Cold Spring Harbor Press, New York,
pp 251-283

Frydman J, Nimmesgern E, Ohtsuka E, Hartl FU (1994) Folding of
nascent polypeptide chains in a high molecular mass assembly
with molecular chaperones. Nature, Lond 370: 111-117

Gehring WJ, Wehner R (1995) Heat shock protein synthesis and
thermotolerance in Cataglyphis, an ant from the Sahara desert.
Proc natn Acad Sci USA 92: 2994-2998

Geller JB, Carlton JT, Powers DA (1994) PCR-based detection of
mtDNA haplotypes of native and invading mussels on the
northeastern Pacific coast: latitudinal pattern of invasion. Mar
Biol 119; 243-249

Goff SA, Goldberg AL (1985) Production of abnormal proteins in
E. coli stimulates transcription of lon and other heat shock
genes. Cell 41: 587-595

Gosling EM (1992) Systematics and geographic distribution of
Mytilus. In: Gosling E (ed) The mussel M ytilus: ecology, physi-
ology, genetics and culture. Elsevier Science Publishers B.V.,
Amsterdam, pp 1-20

Graves JE, Somero GN (1982) Electrophoretic and functional en-
zymic evolution in four species of eastern Pacific barracudas
from different thermal environments. Evolution 36: 97-106

Haas AL, Bright PM (1985) The immunochemical detection and
quantification of intracellular ubiquitin-protein conjugates.
J biol Chem 260: 12464-12473

Hawkins AJS (1991) Protein turnover: a functional appraisal. Funct
Ecol 5: 222-233

Hershko A, Ciechanover A (1992) The ubiquitin system for protein
degradation. A Rev Biochem 61: 761-807

Hightower LE (1980) Cultured animal cells exposed to amino acid
analogues or puromycin rapidly synthesize several polypeptides.
J Cell Physiol 102: 407-424

Hilbish TJ, Bayne BL, Day A (1994) Genetics of physiological
differentiation within the marine mussel genus Mytilus. Evolu-
tion 48: 267-286

Hochstrasser M (1995) Ubiquitin, proteasomes, and the regulation
of intracellular protein degradation. Curr Opinion Cell Biol 7:
215-223

Hofmann GE, Somero GN (1995) Evidence for protein damage at
environmental temperatures: seasonal changes in levels of
ubiquitin conjugates and hsp70 in the intertidal mussel Mytilus
trossulus. J exp Biol 198: 1509-1518

Hofmann GE, Somero GN (1996) Protein ubiquitination and stress
protein synthesis in Mytilus trossulus occurs during recovery
from tidal emersion. Molec mar Biol Biotechnol (in press)

Howarth CJ (1991) Molecular responses of plants to an increased
incidence of heat shock. Pl, Cell Envir 14: 831-841

Huey RB (1991) Physiological consequences of habitat selection. Am
Nat 137: S91-S115

Inoue K, Waite JH, Matsuoka M, Odo S, Harayama S (1995)
Interspecific variations in adhesive protein sequences of M ytilus
edulis, M. galloprovincialis, and M. trossulus. Biol Bull mar biol
Lab, Woods Hole 189: 370-375

Koehn RK (1991) The genetics and taxonomy of species in the genus
Mytilus. Aquaculture, Amsterdam 94: 125-145

Krebs RA, Loeschcke V (1994a) Costs and benefits of activation of
the heat shock response in Drosophila melanogaster. Funct Ecol
8: 730-737

Krebs RA, Loeschcke V (1994b) Effects of exposure to short-term
heat stress on fitness components in Drosophila melanogaster.
J evolut Biol 7: 39-49

Kurtz S, Rossi J, Petko L, Lindquist S (1986) An ancient develop-
mental induction: heat-shock proteins induced in sporulation
and oogenesis. Science, NY 231: 1154-1157

Laemmli EK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature, Lond 227:
680-685

Landry J, Bernier D, Chretien P, Nicole LM, Tanguay RM, Mar-
ceau N (1982) Synthesis and degradation of heat shock proteins
during development and decay of thermotolerance. Cancer Res
42: 2457-2461

Langer T, Lu C, Echols H, Flanagan J, Hayer MK (1992) Successive
action of Dnak, DnaJ and GroEL along the pathway of chaper-
one-mediated protein folding. Nature, Lond 356: 683-689

Li GC, Li LG, Liu YK, Mak JY, Chen LL (1991) Thermal response
of rat fibroblasts stably transfected with the human 70-kDa heat
shock protein-encoding gene. Proc natn Acad Sci USA 88§:
1681-1685

Lin JJ, Somero GN (1995) Thermal adaptation of cytoplasmic
malate dehydrogenases of eastern Pacific barracuda ( Sphyraena
spp). the role of differential isoenzyme expression. J exp Biol
198: 551-560

Lindquist S (1986) The heat-shock response. A Rev Biochem 55:
1151-1191

Lubchenco J, Navarrete SA, Tissot BN, Castilla JC (1993) Possible
ecological responses to global climate change: nearshore benthic
biota of northeastern Pacific coastal ecosystems. In: Mooney
HA, Fuentes ER, Kronberg BI (eds) Earth system responses to
global change. Academic Press, New York, pp 147-166

McDonald TH, Kochn RK (1988) The mussels M ytilus galloprovin-
cialis and M. trossulus on the Pacific coast of North America.
Mar Biol 99: 111-118

McDonald JH, Seed R, Koehn RK (1991) Allozymes and mor-
phometric characters of three species of Mytilus in the Northern
and Southern Hemispheres. Mar Biol 111: 323-333

McFall-Ngai MJ, Horwitz J (1990) A comparative study of the
thermal stability of the vertebrate eye lens: antarctic fish to the
desert iguana. Expl Eye Res 50: 703-709

Mizzen LA, Welch WJ (1988) Characterization of the thermotolerant
cell. I. Effects on protein synthesis activity and the regulation of
heat-shock protein 70 expression. J biol Chem 106: 1105-1116

Morimoto RI (1993) Cells in stress: transcriptional activation of heat
shock genes. Science, NY 259: 1409-1410

Morimoto RI, Jurivich DA, Kroeger PE, Mathur SK, Murphy SP,
Nakai A, Sarge K, Abravaya K, Sistonen LT (1994a) Regulation
of heat shock gene transcription by a family of heat shock
factors. In: Morimoto RI, Tissieres A, Georgopoulos C (eds) The
biology of heat shock proteins and molecular chaperones. Cold
Spring Harbor Press, New York, pp 417-455

Morimoto RI, Tissieres A, Georgopoulos C {eds) (1994b) The biol-
ogy of heat shock proteins and molecular chaperones. Cold
Spring Harbor Press, New York

Oda S, Mitani H, Naruse K, Shima A (1991) Synthesis of heat shock
proteins in the isolated fin of the medaka, Oryzias latipes,
acclimated to various temperatures. Comp Biochem Physiol
98B: 587-591

Parag HA, Raboy B, Kulka RG (1987) Effect of heat shock on
protein degradation in mammalian cells: involvement of the
ubiquitin system. EMBO J 6: 55-61

Parsell DA, Kowal AS, Singer MA, Lindquist S (1994) Protein
disaggregation mediated by heat-shock protein Hsp104. Nature,
Lond 372: 475-478

Parsell DA, Lindquist S (1993) The function of heat-shock proteins
in stress tolerance: degradation and reactivation of damaged
proteins. A Rev Genet 27: 437-496



Parsell DA, Lindquist S (1994) Heat shock proteins and stress
tolerance. In: Morimoto RI, Tissieres A, Georgopoulos C (eds)
The biology of heat shock proteins and molecular chaperones.
Cold Spring Harbor Press, New York, pp 457-494

Parsell DA, Taulien J, Lindquist S (1993) The role of heat-shock
proteins in thermotolerance. Phil Trans R Soc (Ser B) 339: 279-286

Rawson PD, Hilbish TJ (1995) Distribution of male and female
mtDNA lineages in populations of blue mussels, M ytilus tros-
sulus and M. galloprovincialis, along the Pacific coast of North
America. Mar Biol 124: 245-250

Rechsteiner M (1987) Ubiquitin-mediated pathways for intracellular
proteolysis. A Rev Cell Biol 3: 1-30

Roberts DA (1995) Heat-shock protein expression in M ytilus califor-
nianus: seasonal and tidal height comparisons. M.S. thesis.
Oregon State University

Sanchez Y, Lindquist SL (1990) Hsp104 required for induced ther-
motolerance. Science, NY 248: 1112-1115

Sanders BM, Hope C, Pascoe VM, Martin LS (1991) Characteriza-
tion of the stress protein response in two species of Collisella
limpets with different temperature tolerances. Physiol Zodl 64:
1471-1489

Sanders BM, Pascoe VM, Nakagawa PA, Martin, LS (1992) Persist-
ence of the heat-shock response over time in a common M ytilus
mussel. Molec mar Biol Biotechnol 1: 147-154

Sarver SK, Foltz DW (1993) Genetic population structure of a species’
complex of blue mussels (Mytilus spp.). Mar Biol 117: 105-112

75

Sarver SK, Loudenslager EJ (1991) The genetics of California popu-
lations of the blue mussel: further evidence for the existence of
electrophoretically distinguishable species or subspecies. Bio-
chem Syst Ecol 19: 183-188

Schroder H, Langer T, Hartl FU, Bukau B (1993) DnaK, Dnaj
and GrpE form a cellular chaperone machinery capable of
repairing heat-induced protein damage. EMBO J 12:
4137-4144

Seed R (1992) Systematics, evolution and distribution of mussels
belonging to the genus Mytilus: an overview. Am malac Bull 9:
123-137

Sharp VA, Miller D, Bythell JC, Brown BE (1994) Expression of low
molecular weight HSP 70 related polypeptides from the sym-
biotic sea anemone Anemonia viridis Forskall in response to heat
shock. J exp mar Biol Ecol 179: 179-193

Solomon JM, Rossi JM, Golic K, McGarry T, Lindquist S (1991)
Changes in Hsp70 alter thermotolerance and heat-shock regula-
tion in Drosophila. New Biol 3: 1106-1120

Somero GN (1995) Proteins and temperature. A Rev Physiol 57:
43-68

Swezey RR, Somero GN (1982) Polymerization thermodynamics
and structural stabilities of skeletal muscle actins from verte-
brates adapted to different temperatures and pressures. Bio-
chemistry (Am chem Soc) Easton, Pa 21: 44964503

Vernberg FJ (1962) Latitudinal effects on physiological properties of
animal populations. A Rev Physiol 24: 517-546



