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Testing Predictions of the Oxidative Stress Hypothesis of
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Bivalve species with exceptional longevity are newly introduced model systems in biogerontology to test evolutionarily
conserved mechanisms of aging. Here, we tested predictions based on the oxidative stress hypothesis of aging using one
of the tropical long-lived sessile giant clam species, the smooth giant clam (Tridacna derasa; predicted maximum life
span: >100 years) and the short-lived Atlantic bay scallop (Argopecten irradians irradians; maximum life span: 2 years).
The warm water—dwelling giant clams warrant attention because they challenge the commonly held view that the excep-
tional longevity of bivalves is a consequence of the cold water they reside in. No significant interspecific differences in
production of H,0, and Oj in the gills, heart, or adductor muscle were observed. Protein carbonyl content in gill and
muscle tissues were similar in 7 derasa and A i irradians. In tissues of T derasa, neither basal antioxidant capacities
nor superoxide dismutase and catalase activities were consistently greater than in A i irradians. We observed a positive
association between longevity and resistance to mortality induced by exposure to tert-butyl hydroperoxide (TBHP). This
finding is consistent with the prediction based on the oxidative stress hypothesis of aging. The findings that in tissues of 7'
derasa, proteasome activities are significantly increased as compared with those in tissues of A i irradians warrant further
studies to test the role of enhanced protein recycling activities in longevity of bivalves.
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HE oxidative stress hypothesis of aging implies that
organismal aging results from elevated levels of
reactive oxygen species (ROS), generated as byproducts of
mitochondrial respiration (1), which damage macromolecules
and impair the function of cellular organelles (2). Although the
oxidative stress hypothesis of aging continues to be among the

most commonly adduced mechanistic hypotheses to explain
variation in aging rate and age-related pathophysiological
alterations (3-10), it is also a subject of ongoing debate
(3-9). Significant controversy regarding the role of redox
homeostasis in aging stems from the fact that most research
on ROS-dependent mechanisms has been conducted on
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species that are relatively short lived and thus less successful
at countering the aging process. Perhaps the strongest support
for the oxidative stress hypothesis of aging comes from studies
using a comparative approach as proposed by Austad (11-15)
and others (16), which focus on phylogenetically diverse
species with extreme longevity, identifying the causative
mechanisms (eg, mitochondrial ROS production, antioxidant
responses, resistance to oxidative stress) that distinguish
them from shorter lived related species (17-19). In previous
studies, the comparative approach proved to be especially
useful to critically test the oxidative stress hypothesis of aging
in mammalian and avian species (15,17,20-23).

Longevity evolved independently many times among the
various phyla, and it is yet to be determined whether the role
of cellular mechanisms involved in redox regulation and oxi-
dative stress resistance determining the rate of aging and life
span is conserved among these various groups. There is an
growing interest in bivalve models of successful aging, as this
invertebrate group includes species with the longest metazoan
life spans with many species surviving for 100400 years
(including Arctica islandica, the longest living noncolony
forming animal on earth; 13,14,24-33). Yet, the role of oxi-
dative stress and antioxidant mechanisms in regulation of
life span in bivalves is not as comprehensively understood as
those in vertebrate models of aging (27-29,31-34). Recent
studies have characterized several aspects of A islandica phys-
iology (30-32,35) and comparison of A islandica with taxo-
nomically related, short-lived clam species (eg, Mercenaria
mercenaria) suggested that an association exists between
longevity and resistance to oxidative stress—induced organis-
mal and cellular death in burrowing clams (36). Moreover,
extreme longevity in A islandica is also associated with an
attenuated cellular H,O, production and superoxide genera-
tion in the heart and gill (but not in the adductor muscle) (36)
and a lower protein carbonyl concentration in gill tissue (36).
These initial data on long-lived bivalves appeared to accord
with predictions based on the oxidative stress hypothesis of
aging. However, the aforementioned studies have entirely
focused on a small number of long-lived species from the
polar or temperate waters (30-32). Here, we have the rare
opportunity to test predictions based on the oxidative stress
hypothesis of aging using one of the tropical long-lived sessile
giant clam species, the smooth giant clam (Tridacna derasa;

predicted maximum life span: >100 years) and the short-lived
Atlantic bay scallop (Argopecten irradians irradians; maxi-
mum life span: 2 years) as a longevity contrast pair (Table 1).
The giant clams warrant attention because they are the out-
liers of the longevous bivalves, the only group of bivalves
identified so far living in excess of a century, which reside
outside the temperate waters; thereby challenging the com-
monly held view that the exceptional longevity of bivalves is a
consequence of the cold water they reside in (27). The species
of giant clam selected for this study (7 derasa) is one of the
largest giant clam species, which also maintains a symbiotic
relationship with the photosynthesizing zooxanthellae, found
associated with Pacific coral reefs, from a depth of 2 to 20 m
in seawater temperatures of 20°C-30°C (37). For a compara-
tive species, we used the shorter lived, epibenthic but active
swimming A i irradians, which is found at depths of 0.3-10
m along the Eastern coast of the United States (38). Although
found in slightly cooler water, there is a considerable over-
lap in the temperature ranges of these two species justifying
their comparison. Previous studies reported that survival and
development of eggs of A i irradians are optimal at water tem-
peratures exceeding 20°C (39) and that cytoplasmic growth
stage of gametogenesis is initiated once temperatures exceed
28°C (40).

On the basis of the oxidative stress hypothesis of aging,
it is predicted that cells of long-lived species exhibit lower
generation of ROS than cells of shorter living ones. One
would also expect that successfully aging species have
increased tolerance for oxidative stress—induced cellu-
lar injury through superior cellular antioxidant defense
mechanisms or increased elimination of damaged macro-
molecules. To test these hypotheses in the present study, we
compared ROS production, resistance to oxidative stress,
antioxidant defenses, and protein damage elimination pro-
cesses (proteasome activities) in T derasa and A i irradians.

METHODS

Clam Collection and Maintenance

The T derasa used in the present study were nursery
grown in the Western Pacific and couriered to the Marine
Aquatic Resources Center of the Marine Biological
Laboratory (Woods Hole, MA), where they were kept

Table 1. Chronological Age, Estimated Maximum Life Span, and Physiological Characteristics of the Marine Bivalve Species Used

in This Study
Average Estimated
Common Chronological Maximum Life =~ Maximum  Growth Rate Mortality Age at
Species Name Age (yr) span (yr) Size (mm)  (k [VBGF]) Rate (z) Maturity (yr) Lifestyle References
Tridacna Smooth giant 4 >100 500 0.1 0.04 10 Epifaunal 61
derasa clam
Argopecten Atlantic bay ~1 2 60 N/A 1.41 1 Active swimmer 62
irradians scallop
irradians

Notes: N/A = not applicable; VBGF = von Bertalanffy growth function.
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at 27°C in 500-L tanks for more than 1 week prior to the
studies. A i irradians used in the present study were col-
lected in July 2010 in the coastal waters of New England
and transported to the Marine Aquatic Resources Center
of the Marine Biological Laboratory, where they were kept
at 20°C in 500-L tanks for more than 1 week prior to the
studies. On the day of the experiments, the bivalves were
dissected, and the gill, heart, and adductor muscle were iso-
lated using microsurgery instruments and a stereo operating
microscope. Fresh tissue samples were obtained for meas-
urements of ROS production ex vivo. Also, samples from
the gill, heart, and mantle were frozen in liquid nitrogen for
subsequent biochemical analysis.

Determination of Individual Age

Individual age of the clams used was determined from
internal shell growth band increments as previously
described (41).

Measurement of Tissue H,0, and O, Production

H,O, production in the gill, heart, and adductor muscle
tissue samples was measured fluorometrically using the
Amplex Red-horseradish peroxidase assay as described
(36). The rate of H,O, generation was assessed by measur-
ing resorufin fluorescence for 60 minutes by a Tecan Infinite
M200 plate reader. Each experiment was run in triplicates.
A calibration curve was constructed using H,O,, and the
production of H O, in the samples was expressed as pmol
H,0, released per minute, normalized to tissue wet weight.

Production of O, in the gill and the heart was deter-
mined using dihydroethidium, an oxidative fluorescent
dye, as we previously reported (36,42). In brief, small tis-
sue pieces were incubated with dihydroethidium (3 x 107
mol L7'; at room temperature, for 30 minutes). The tis-
sues were then washed three times, embedded in optimal
cutting temperature medium and cryosectioned. Optical
sections were obtained and the red fluorescent images,
captured at 20x magnification, were analyzed using the
AutoMeasure function of the Axiovision (Carl Zeiss,
Gottingen, Germany) imaging software. Four entire fields
per tissue were analyzed. The mean fluorescence intensities
of dihydroethidium-stained nuclei were calculated for each
tissue. Thereafter, the intensity values for each animal in the
group were averaged.

Determination of Protein Carbonylation

Protein carbonyl content was assessed in the gill and
adductor tissues of T derasa and A i irradians using the
Oxiselect Protein Carbonyl ELISA Kit (Cell Biolabs), as
previously described (36).

Studies on Oxidative Stress Resistance
To assess resistance to oxidative stress, the bivalves were
exposed to fert-butyl hydroperoxide (TBHP) in sea water as

reported (36). TBHP is an organic peroxide that is highly
stable in aqueous solutions. TBHP, known to cause cellular
injury and induce apoptosis in a wide variety of eukaryotic
cells by damaging DNA, lipids, and proteins, is a useful
tool to assess cellular oxidative stress resistance. To study
organismal resistance to oxidative stress, the survival of T
derasa and A i irradians exposed to 10~ mol/L TBHP was
recorded for 10 days. Death was indicated by detachment of
mantle from the shell, gaping mouth, and/or lack of light-
and touch-responsive closing. To contrast oxidative stress—
induced biochemical alterations in the gill and adductor of
T derasa and A i irradians, the bivalves were exposed to
10~ mol/L TBHP for 24 hours and their tissues sampled.

Apoptotic Cell Death

To compare cellular resistance to oxidative stress in 7'
derasa and A i irradians, increases in the rate of apopto-
sis in response to TBHP (10~ mol L', for 24 hours) were
assessed. Gill segments and adductor muscle tissues were
homogenized in lyses buffer, and caspase 3 activity, a use-
ful measure of apoptosis, was measured as we reported
(36), using the Caspase-Glo 3/7 assay system (Promega).
Luminescent intensity was measured using an Infinite
M200 plate reader and were normalized to the sample pro-
tein concentration.

Cellular Antioxidant Capacity

To compare the capacity of cellular antioxidant systems
to counterbalance the deleterious effects of oxidative stress
in tissues of T derasa and A i irradians, we assessed the
Hydroxyl Radical Antioxidant Capacity (HORAC) and
Oxygen Radical Absorbance Capacity (ORAC) using the
Oxiselect HORAC Activity Assay (Cell Biolabs) and the
Oxiselect ORAC Activity Assay (Cell Biolabs, San Diego,
CA) as previously described (25,36). The HORAC activ-
ity assay is based on the oxidation-mediated quenching
of a fluorescent probe by hydroxyl radicals produced by
hydroxyl radical initiator and fenton reagent. The ORAC
activity assay is based on the oxidation of a fluorescent
probe by peroxyl radicals produced by a free radical initia-
tor. Antioxidants present in the tissues delays the quench-
ing of the fluorescent probe until the antioxidant activity
in the sample is depleted. The antioxidant capacity of the
quahog tissues was calculated on the basis of the area under
the fluorescence decay curve, compared with an antioxidant
standard curve obtained with gallic acid (for HORAC) or
the water-soluble vitamin E analog Trolox (for ORAC),
respectively. Sample protein concentration was used for
normalization purposes.

Antioxidant Enzyme Activities

Activity of antioxidant enzymes in gill homogenates
was measured using the Oxiselect Superoxide Dismutase
Activity Assay Kit and the Oxiselect Catalase Activity
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Assay Kit (Cell Biolabs) and the Glutathione Peroxidase
Assay Kit (Cayman Chemical, Ann Arbor, MI) as previ-
ously described (36).

Determination of Proteasome Activity

To compare protein recycling activities in tissues of T
derasa and A i irradians, we assessed three types of pro-
tease activities associated with the proteasome complex in
gill and adductor muscle samples using the Proteasome-Glo
Chymotrypsin-Like, Trypsin-Like and Caspase-Like Assays
(Promega, Madison, WI) as previously described (36).

Data Analysis

Where relevant criteria were met, data were analyzed
using analysis of variance or ¢ tests, and subsequently with
Tukey’s or Fisher’s pair-wise tests. The Anderson—Darling
Normality test was used to test if the data were normally
distributed. Nonparametric data were analyzed using
the Kruskal-Wallis one-way ANOVA test, with further
pair-wise comparisons made using the Mann—Whitney test.
Significance was considered to be at p < .05 level. Data are
expressed as mean + SEM, unless otherwise indicated.

RESULTS

Age Determination

Following analysis of the internal growth increments, it
was determined that the T derasa specimens had a mean age
of 4 years, whereas the A i irradians specimens had a mean
age of 12 months.

Cellular Production of Reactive Oxygen Species

Production of H O, in gill of T derasa tended to be less
than in gill tissues from A i irradians, although the differ-
ence did not reach statistical significance (Figure 1A) (W =
68.0, p =.0923). Production of H,O, in the adductor muscle
(W=52.0; p=.610) and the heart (W=48.0; p =0.272) did
not differ significantly between the two species (Figure 1A).
Analysis of nuclear dihydroethidium fluorescence intensi-
ties (Figure 1B) showed that cellular superoxide production
also tended to decrease in the gill and the heart (W = 21.0;
p = .081) of T derasa, although the difference did not reach
statistical significance. In contrast, cellular O, production
tended to increase in the adductor muscle of T derasa (W =
50.0; p = .0137).

Protein Carbonyl Content

There was no difference in protein carbonyl content
in the gill and adductor muscle between the two species
(Figure 2).

Survival
To assess resistance to oxidative stress, we obtained
survival curves of the clams in the presence of TBHP.
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Figure 1. (A) Production of H,0, in the gill, heart, and adductor muscle
of Argopecten irradians irradians and Tridacna derasa, as assessed by the
Amplex Red/horseradish peroxidase assay. Data are mean + SEM. n = 4-8
animals for each group. (B) Representative images showing red nuclear dihy-
droethidium fluorescence, representing cellular O, production, in sections of
the gill, adductor muscle, and heart of A i irradians (left) and T derasa (right).
Original magnification: 20x.

Analysis of the survival curves revealed that T derasa
survived significantly longer than A i irradians in
0.1 mmol/LL TBHP (p < .01; Figure 3). Comparison
of the survival data to the recently published (36) sur-
vival curves of the extremely long-lived ocean quahog
(A islandica, maximum life span: 405 years [41,43])
and the northern quahog (M mercenaria, maximum life
span: ~106 years [36]) shows that both infaunal burrower
hard clam species survive longer in TBHP than either T
derasa or A i irradians.
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Figure 2. Carbonyl content in cellular proteins isolated from Argopecten
irradians irradians and Tridacna derasa. Data are mean + SEM (n = 5-8 in
each group).
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Figure 3. (A) Survival analysis of Argopecten irradians irradians and
Tridacna derasa under exposure to 10~ mol/L fert-butyl hydroperoxide
(TBHP). (B) TBHP (10~* mol/L, for 24 h)-induced changes in caspase 3/7 activ-
ity in gills and adductor muscles of A i irradians and T derasa. Data = SEM (n
= 4-8 for each group). * indicates a significance (p < .05) difference between
control and TBHP-exposed clams.

Apoptotic Cell Death
Short-term exposure to TBHP (10~* mol/L, for 24 hours)
elicited slight, although significant (p < .05) increases
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Figure 4. (A,B) Hydroxyl radical antioxidant capacity (HORAC) and (C,D)
oxygen radical absorbance capacity (ORAC) in homogenates of gill tissues
(A,C) and adductor muscles (B,D) from Argopecten irradians irradians and
Tridacna derasa maintained under control conditions (baseline) or exposed to
tert-butyl hydroperoxide (TBHP; 10~ mol/L, for 24 h). Data are mean + SEM
fold change (n = 4-8 in each group). * p <.05 vs T derasa.

in caspase 3 activity in gill tissues but not in the adduc-
tor muscle of T derasa and A i irradians (Figure 3B). We
attribute this difference to the limited diffusion of TBHP
from the sea water into the muscle tissue, whereas the gill
is directly exposed to the TBHP in sea water. We did not
find any interspecies difference between the magnitude of
TBHP-induced caspase activation in of T derasa and A i
irradians gill tissues, likely due to the relatively short expo-
sure time (the TBHP started to cause significant mortality
after ~48 hours in both species).

Cellular Antioxidant Capacities

The baseline HORAC in the adductor muscle in T derasa
is significantly higher than in A i irradians (W = 40.0; p =
.0233) but no significant difference was observed between
the gills of the two species (Figure 4). Following exposure
of T derasa to TBHP, there was no significant response in
the gill or adductor muscle. However, in A i irradians, there
was a significant increase in HORAC in the gills following
exposure to TBHP (W = 44.0; p = .0136).

Baseline data demonstrated no interspecies differences
in the ORAC of the gill (W = 45.0; p = .270) and adductor
muscle (W=22.0; p =.067). Following the pattern observed
in the HORAC analysis, the ORAC of both T derasa tissues
exhibited no significant response after exposure to TBHP
(Figure 4C and 4D). Similarly, ORAC values in the gills of
A i irradians significantly increased following exposure to
TBHP, mirroring the response observed in the HORAC data
(W =48; p =.046).
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Figure 5. Relative antioxidant enzyme activities in Argopecten irradians
irradians and Tridacna derasa. Catalase activity was assessed in homogen-
ates of gill tissues (A) and adductor muscles (B) and superoxide dismutase
activity was assessed in homogenates of gill tissues (C) A i irradians and
T derasa maintained under control conditions (baseline) or exposed to tert-butyl
hydroperoxide (TBHP; 10~ mol/L, for 24 h). Data are mean + SEM (n = 4-8 in
each group). * indicates a significance (p < .05) difference between control and
TBHP-exposed clams.).

Antioxidant Enzyme Activities

Analyses of the specific antioxidant enzyme activities
revealed no significant interspecies differences. There was
no significant difference in the baseline catalase activity
when comparing gill and adductor muscle between the two
species (Figure SA and 5B) and also exposure to TBHP did
not initiate any significant changes in catalase activity in
either of tissue. There were no significant interspecies dif-
ferences between superoxide dismutase activities in the gill
tissues either under baseline conditions or following expo-
sure to TBHP (Figure 5C).

Proteasome Activity

Relative proteasome activity demonstrated the most con-
trasting set of results between the two species (Figure 6A—
6E). Both chymotrypsin-like and trypsin-like activity in the
gills of T derasa was significantly higher than in the gills
of A i irradians (chymotrypsin-like: W = 36; p = .0043;
trypsin-like: W = 41; p = .0338). In addition, the chymot-
rypsin-like activity in the adductor muscle of T derasa was
significantly higher than in A i irradians (muscle: W = 42;
p =.0481).

Following exposure to TBHP, T derasa exhibited no
significant responses, whereas A i irradians exhibited
a matching response in the case of chymotrypsin-like
and caspase-like activity. In both instances, significant
increases in activity in gill tissue and concomitant
significant decreases in activity in adductor muscle tissue
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Figure 6. Relative proteasome activity in Argopecten irradians irradians
and Tridacna derasa. Chymotrypsin-like activity (A,B), caspase-like activity
(C,D), and trypsin-like activity (E) were assessed in homogenates of gill tis-
sues (A,C,E) and adductor muscles (B,D) from Mercenaria. mercenaria and
Arctica islandica maintained under control conditions (baseline) or exposed to
tert-butyl hydroperoxide (TBHP; 10~ mol/L, for 24h). Data are mean + SEM
(n = 8 in each group).

were observed (chymotrypsin-like activity—gill: W = 42;
p=.0072; muscle: W=42; p=.0072; caspase-like activity—
gill: W =46; p = .0239; muscle: W = 94; p =.0074). There
were no significant differences in trypsin-like activity
between baseline and response to TBHP exposure in either
species or tissue.

DiscussioN

One of the seminal questions in biogerontology is why
different species age at different rates. One prediction based
on the oxidative stress hypothesis of aging is that the vast
life-span variation among animal species is, in part, due
to interspecies variation in cellular ROS production. We
hypothesized that if in bivalve mollusk species, cellular
production of ROS is a determinant in the rate of aging,
then cells of successfully aging clams should produce less
ROS than the short-lived ones. The data from the present
study demonstrate that mitochondria-rich gill tissues from
long-lived T derasa tend to produce less H O, and O} than
gill tissues from short-lived A i irradians (Figure 1). These



LONGEVITY IN TRIDACNA 365

observations are consistent with the recent data obtained
in gill tissues (36) and isolated mitochondria derived from
shorter and longer living burrowing clams (29). Yet, con-
trary to our expectation, we did not find the same pattern in
the heart and adductor muscle of T derasa and A i irradians
(Figure 1). These data suggest that important tissue-specific
differences exist in cellular ROS production in clams. Taken
together, the observed cellular ROS production signatures
in the T derasa and A i irradians longevity contrast pair
are not consistent with the prediction of the oxidative stress
hypothesis of aging.

Another prediction based on the oxidative stress hypoth-
esis of aging is that the long-lived species should show rela-
tively low oxidative macromolecular damage even at young
ages. The findings that protein carbonyl content in gill and
muscle tissues were similar in T derasa and A i irradians
(Figure 2) are not consistent with this prediction. Different
conclusions were reached by previous studies on burrowing
clams showing that reduced ROS production in long-living
A islandica is associated with a lower level of accumulated
macromolecular damage as compared with the shorter liv-
ing M mercenaria (33,36).

Accumulating empirical data obtained in diverse
vertebrate and invertebrate model systems suggest that
resistance to the aging process is often reflected in resistance
to oxidative stressors both at the organismal and cellular
levels (11,44). Our previous studies demonstrated that the
extreme longevity in A islandica is also associated with
increased resistance to oxidative stress—induced mortality
(36), raising the possibility that evolutionarily highly
conserved pathways are involved in both cellular stress
resistance and life-span regulation. In the present study,
we exposed T derasa and A i irradians to organic peroxide
treatment and observed an association between longevity and
resistance to oxidative stress—induced mortality (Figure 3).
These findings are consistent with the prediction based on
the oxidative stress hypothesis of aging. Further studies are
needed to assess indices of biomolecular damage in T derasa
and A i irradians. Comparisons with infaunal bivalves (eg, A
islandica and M mercenaria) are warranted to assess cellular
responses to a range of diverse stressors to determine
whether epibenthic species are more sensitive to oxidative
injury, which will have ecotoxicological implications.

Contrary to our predictions based on the oxidative stress
hypothesis of aging, we found that in T derasa neither basal
antioxidant capacities (Figure 4) nor specific antioxidant
enzyme activities (Figure 5) were consistently greater than
in A i irradians. These results extend our previous find-
ings (36) and those of Abele and colleagues (31) show-
ing no difference in antioxidant capacities among cells of
long-lived A islandica and other bivalve species. In that
context, it is interesting to note that in mice with overex-
pression or genetic knockout of major antioxidant enzymes
(including MnSOD, Cu, ZnSOD, catalase, and glutathione
peroxidase), there is no correlation between alterations of

cellular antioxidant capacity and life span (3,4). Because in
response to oxidative stressors in eukaryotic cells, an evolu-
tionarily conserved antioxidant response can be manifested,
we also analyzed these antioxidant systems in tissues of
clams exposed to TBHP. In contrast to our expectation,
we found that T derasa did not exhibit consistently a more
pronounced homeostatic antioxidant response than A i irra-
dians (Figures 4 and 5). Recent studies also failed to find
any consistent relationship between age-related changes in
antioxidant enzyme activities and life span in various clams
(36,45). In conclusion, the aforementioned data does not
support a predominant role of superior free radical detoxifi-
cation systems in the longevity of bivalve species.

Effective removal of oxidatively damaged proteins by
the proteasome is thought to be a critical determinant of life
span (23,46,47). Previous studies reported that in various
species, proteasome activity declines with age (48-51) and
this aging-induced proteasome dysfunction was proposed
to be involved in the etiology and/or progression of various
age-related diseases (52,53). The findings that in tissues of
T derasa, proteasome activities are significantly increased
as compared with those in tissues of A i irradians (Figure 5)
raise the possibility that enhanced protein recycling activi-
ties may contribute to the longevity of giant clams. It should
be noted that previously we could not demonstrate any sig-
nificant differences between proteasome activities in tissues
of long-lived A islandica and short-lived M mercenaria (36).
There are several articles showing that lipofuscin in marine
invertebrates increases in a faster rate at higher temperatures,
thus at warmer temperatures repair mechanisms (eg, protea-
somal activity) might be especially important to ensure cel-
lular functioning over a long life span. Higher proteasome
activities in T derasa as compared with that in A i irradians
may also be due to higher protein turnover rates, which is
characteristic to species living at higher temperatures (54).
Further studies are evidently needed to compare additional
mechanisms involved in maintenance of protein stability and
integrity (23,55) and to investigate interspecies differences
in protein repair and proteasomal degradation capacities in
a larger cohort of bivalve species with disparate longevity.

Limitations of the Study

Although the giant clams (T derasa, Tridacna gigas, and
Tridacna tevoroa) are believed to live in excess of 100 years,
no precise information is available (56). Anecdotal informa-
tion on the life span of single clams passed through genera-
tions in artisanal fishing communities suggests a maximum life
span in excess of 100 years, and more recently Watanabe and
his colleagues (57) published a 60-year isotopic record from
the shell of a 93-cm long T gigas, below the maximum shell
length of 137cm quoted for the species (37). Furthermore,
analysis of the growth curve indicates that the asymptotic
shell height had not been reached, suggesting the animal could
be expected to live considerably longer. Demographic analy-
sis of Tridacna populations by the Bombay Natural History
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Society also indicated a life span in excess of 100 years (Dr
Deepak Apte, personal communication, 2010). Although the
oft quoted maximal life span of 100 years remains unsubstan-
tiated, there is considerable supporting evidence.

Due to logistical and legislative limitations, it was impos-
sible to investigate age-related changes in the biology of
giant clams. These clam species are listed as vulnerable on
the IUCN redlist (58), which prevents the collection of older
individuals from the wild and dictates a reliance on young
nursery grown specimens. The giant clams used in our study
were actively growing (below their asymptotic shell length),
reproductively mature adults. Thus, they were in a life stage
that is comparable to that of A i irradians specimens used in
the same study. Due to the limited availability of T derasa,
we could not test organismal and cellular resistance to stress
challenges that cause cellular damage primarily via protein
misfolding (eg, by inducing endoplasmic reticulum stress).
We would also like to acknowledge that the primary cause
of death in the survival studies is unknown. The time course
of T derasa mortality upon TBHP administration suggests
that the primary cause of organismal death does not involve
TBHP-induced injury to the zooxanthellae and subsequent
starvation. A previous study (59) assessing the antioxidant
and oxidative damage response of the bivalve Ruditapes
decussatus to exposure to organophosphorus pesticides,
which are known to increase cellular ROS levels (60), sug-
gest that the gill tissue is very sensitive to oxidative stress-
ors. Yet, because the vital functions of bivalves depend on
an intact fluid transport system, future studies investigating
organismal stress resistance in clams should consider inter-
species differences in cellular resistance to the cardiotoxicity
of the stress challenges applied as well.

CONCLUSIONS

To our knowledge, this is the first comparative study that
investigates cellular mechanisms involved in the process of
aging using a species from the long-lived giant clam group.
Our findings demonstrate diverse, tissue-specific ROS pro-
duction signatures in the bivalves studied and a positive
association between longevity and resistance to oxidative
stress—induced organismal death in T derasa. These find-
ings therefore only partially accord with predictions based
on the oxidative stress hypothesis of aging. Our results war-
rant further studies to test the association between protea-
somal activity and resistance to stress challenges that cause
protein misfolding using a larger cohort of bivalve mollusk
species with disparate longevity.
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