Experimental Section / Viewpoint

Gerontology

Gerontology 2013;59:261-266
DOI: 10.1159/000345331
I

Received: July 24, 2012
Accepted: October 23, 2012
Published online: December 18, 2012

Environmental Control and Control of
the Environment: The Basis of Longevity

in Bivalves

Doris Abele? Eva Philipp®

2Department of Functional Ecology, Alfred Wegner Institute for Polar and Marine Research, Bremerhaven, and
bInstitute of Clinical Molecular Biology, Christian Albrechts University Kiel, Kiel, Germany

Key Words
Arctica islandica - Metabolic rate depression - Shell water -
Sex switch - Hypoxia reoxygenation - Oxidative stress

Abstract

Longevity and ageing are two sides of a coin, leaving the
question open as to which one is the cause and which one
the effect. At the individual level, the physiological rate of
ageing determines the length of life (= individual longevity,
as long as death results from old age and not from disease
orotherimpacts). Individual longevity depends on the direct
influence of environmental conditions with respect to nutri-
tion, and the possibility for and timing of reproduction, as
well as on the energetic costs animals invest in behavioural
and physiological stress defence. All these environmental ef-
fectors influence hormonal and cellular signalling pathways
that modify the individual physiological condition, the re-
productive strategy, and the rate of ageing. At the species
level, longevity (= maximum lifespan) is the result of an evo-
lutionary process and, thus, largely determined by the spe-
cies’ behavioural and physiological adaptations to its eco-
logical niche. Specifically, reproductive and breeding strate-
gies have to be optimized in relation to local environmental
conditions in different habitats. As a result of adaptive and

evolutionary processes, species longevity is genetically un-
derpinned, not necessarily by a few ageing genes, but by an
evolutionary process that has hierarchically shaped and op-
timized species genomes to function in a specific niche or
environmental system. Importantly, investigations and re-
views attempting to unravel the mechanistic basis of the
ageing process need to differentiate clearly between the
evolutionary process shaping longevity at the species level
and the regulatory mechanisms that alter the individual rate

ofageing. Copyright © 2012 S. Karger AG, Basel

Introduction

By virtue of their amazing species-specific lifespan
plasticity between 1 and 400 years [1, 2], bivalve molluscs
have become new and fascinating models in ageing re-
search. Genetically closer to mammalian genes than es-
tablished insect and worm models, long-lived bivalves are
gaining interest in evolutionary and clinical ageing and
senescence studies [3]. The question is: how do these ani-
mals slow senescence?

Bivalves are soft-bodied ectotherms, enclosed by calci-
fied shell valves into which they can retract their soft tis-
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sues for protection. They feed on microalgae and detritus
and occur in the sea, as well as in lentic and lotic fresh-
waters. Most bivalves are sessile, either endo- or epiben-
thic - the latter attached to hard substrates (rock surfaces
or jetty bulkheads) by byssus threads or cement. Some
exceptional bivalve groups are mobile and capable of au-
tonomous bursts of swimming such as scallops (Pectini-
dae). Further, shallow-burrowing species do not actively
swim, but retain some mobility. The prototype mobile
burrowers are surf clams (Donacidae) which colonize
high-energy sandy beaches and actively migrate vertical-
ly up and down taking just a few seconds to rebury. Bur-
rowing species can, hence, also be active animals, with
short lifespans ranging from just a few months to a few
years.

In line with the rate-of-living - free radical theory of
ageing, relatively inactive marine and freshwater bi-
valves can be extremely long-lived [1]. The inference
that all endobenthic species should be long-lived is,
however, incorrect (Donacidae), and even deep-burrow-
ing bivalves like the temperate soft shell clam Mya are-
naria live no more than 15 years whereas the longevity
of Adamussium colbecki, the Antarctic swimming scal-
lop, has been estimated at >100 years, albeit without
proof. Although low metabolic rates and the corre-
spondingly low mitochondrial reactive oxygen species
(ROS) formation are, therefore, certainly useful to con-
trol the accumulation of cellular damage products, they
cannot sufficiently explain length of life in different bi-
valve species. Instead, longevity will only evolve as long
as it supports reproduction by optimizing the adapta-
tion to the environment of the adult individual. Thus,
the two basic prerequisites for the evolution of longevity
in bivalves are the absence of reproductive senescence,
i.e. sustained fertility into old age, and a near-perfect
protection from predation and the physicochemical en-
vironmental hazards of the adult stage. In other words:
the development of longevity depends on a hierarchy of
prerequisites or constraints that enable the organism
(population) to evolve long lifespans. Extreme longevity
may, however, be a characteristic of only some reproduc-
tively specialized individuals in natural bivalve popula-
tions, which may also explain their scant appearance in
demographic investigations.

We will discuss three general principles that support
the evolution of longevity in bivalves and use long- and
short-lived examples to highlight how these traits have
been optimized in the long-lived champions.
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Principle 1: The Bivalve Shell - Protection from
Predation and a Private-Protective Niche for
Physicochemical Control and Self-Induced
Depression of Metabolic Rate

The bivalve shell constitutes a protective case around
the soft body and confers protection from environmental
attack [2]. Shells protect the animal from environmental
impacts such as mechanical disturbance by waves, ice
scour, and the vagaries of, for example, intertidal life.
Large and tough shells protect from injury, bacterial in-
fection, and from crab, fish and bird predation, to name
but a few. Long-lived species, such as the pearl shell (Mar-
garitifera margaritifera) and the ocean quahog (Arctica
islandica) grow strong shells and are known to have low
adult mortalities, as long as the populations are not ex-
posed to fishery and bottom trawling [4, 5]. Giant clams
such as Tridacna maxima, grow large, heavy shells and
although living above the sediment surface can attain an
age of >30 years. Just as flight is one of the clues for birds
to evade non-flying predators, strong shells minimize
foraging pressure and enhance life expectancy in bi-
valves.

Shells further enable their occupants to adjust their
internal environment with respect to dissolved gases, nu-
trients and the composition of bacterial communities in
the closest proximity to their soft tissues. The shell and
mantle cavity water and their blood analogue, the hae-
molymph, constitute layers of protection from the exter-
nal to the internal. Bivalves intermittently ventilate their
fluid-filled inner shell environment through, often tele-
scopic, siphons to take up oxygen and food with inhaled
water. The haemolymph contains oxygen and ions, meta-
bolic products (CO, and other metabolites) and chemical
signalling molecules that exert concentration-dependent
effects on the animals’ metabolic and shell-forming pro-
cesses. The shells, thus, offer not only mechanical but also
some protection from chemical fluctuations in the exter-
nal environment. In other words, each bivalve creates its
own inner world which can differ dramatically from the
outside chemical environment (either column or intersti-
tial water), especially with respect to the pO,. Many bur-
rowing bivalves are oxyconformers with pO,-dependent
respiration rates. It would theoretically be possible that
bivalves adjust shell water pO, through ventilation to
meet metabolic requirements. Table 1 shows how median
PO, is higher in scallops and comparably lower in bur-
rowing, more sessile clams [6].

Recent measurements with oxygen optodes implanted
into the mantle cavity of A. islandica not only showed that
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Table 1. Median pO, in scallops and burrowing sessile clams

Species pO, mean, kPa Min., kPa Max., kPa
Aequipecten opercularis  6.18 0.16 13.37
Arctica islandica 3.62 0 15.92
Mya arenaria 0.37 0 2.62
Patella vulgata 2.62 0 8.33
Pecten maximus 8.30 2.57 13.82

this long-lived species maintains a low mantle fluid pO,
mean of 3.6 kPa against a normoxic environment of 21
kPa [6] and, further, can survive many days at 0 kPa shell
water pO, without any indication of an immediate onset
of anaerobiosis [7]. Rearward analysis of the respiratory
pattern of individuals also indicated a higher pO, in the
mantle fluids due to intensified ventilation 2 h before the
onset of burrowing, presumably to generate energy (ATP)
in support of the exercise [7]. We concluded that pO, in
the mantle fluids is adjusted as low as possible and as high
as dictated by the individual’s activity levels. Controlling
environmental oxygenation low and constant is a strategy
known from marine meiofaunal organisms, such as tiny
ostracod crustaceans which reduce the pO, inside mu-
cous-lined miniature hollows by collective breathing [8].
Presumably such strategies to reduce pO, were shared by
many hypoxia-tolerant evolutionarily early species, and
burrowing bivalves have adapted it by controlling mantle
fluid pO, low and protective. In so doing, they achieve
low tissue pO,, which may control life-long mitochon-
drial ROS formation and support a longer lifespan, as
seen in other hypoxia-tolerant invertebrates (e.g. nema-
todes) [9]. In a similar way, salinity and temperature fluc-
tuations can, to some extent, be mitigated by closing the
shell valves (salinity) and by burrowing to greater sedi-
ment depths (temperature) [2].

The ecological stress theory of ageing and hormesis
predicts that critical fluctuations in physicochemical fac-
tors are major drivers of cellular ageing. Burrowing bi-
valves represent a consequent intermediate step between
collectively-breathing meiofauna in sedimentary hollows
and homeotherms which maintain a state of hormesis
through interaction between different organs of the indi-
vidual. In all cases, a temporarily stable environment is
achieved by complexity in a confined environment (the
slime hollow, the shell, the body of higher animals) which
allows the organisms to establish a physiological state
where energy dissipation is minimal. Reaching and pre-
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serving this state of maximum homeostasis and meta-
bolic stability for the longest possible time would increase
overall fitness and, thereby, enhance lifespan.

Principle 2: Metabolic Rate Depression and
Minimized Food Uptake: Do Long-Lived Bivalves
Minimize ROS Formation Rates and Maintain Higher
Antioxidant Levels?

Long-lived specialist species such as A. islandica per-
form bouts of intermittent burrowing and shell closure
during which they enter into a phase of metabolic rate
depression [6, 10]. During these phases, individuals also
stop feeding, and metabolic rates decrease to as low as 1%
of control levels in well fed and ventilating specimens.
This frequent transition between the active and the MRD
state (also termed suspended animation) hasbeen brought
to perfection in the longest-lived bivalves and, theoreti-
cally, lowers the lifetime production of ROS. Already un-
der normal metabolic conditions, mitochondria isolated
from A. islandica tissues had lower ROS production than
other bivalves [11, table 1] and excised tissues (gills and
heart) were less susceptible to experimentally inflicted
oxidative stress compared to shorter-lived species [12].
Our recent investigations of ROS formation, antioxidant
activities, and oxidative damage in long-lived A. islandica
populations indicated a reduction of superoxide O, for-
mation between experimental normoxia and hypoxia
and, further, low O, formation upon reoxygenation of
excised gill tissues [7] (detection with confocal micros-
copy using the fluorescent dye dehydroethidium). In ex-
perimental hypoxia, anoxia and MRD (burrowed indi-
viduals), the bivalves kept up their antioxidant defences
(enzyme activities and glutathione levels) [7, 13], and an-
tioxidant transcript levels were mostly stable in the bur-
rowed-MRD state (catalase, glutathione peroxidase, Mn-
SOD constant, whereas Cu-Zn SOD diminished) and un-
der experimental hypoxia. In response to anoxia,
antioxidant and stress gene transcript levels decreased al-
together, as the individuals reduced protein synthesis as
a consequence of metabolic shutdown [14]. It thus ap-
pears that long-lived A. islandica suspend the anticipa-
tory upregulation of antioxidant/stress defence. As no
oxidative damage could be observed, hypoxia reoxygen-
ation-induced oxidative burst must be prevented by other
mechanisms. Such mechanisms may involve nitric oxide
(NO), which is produced by A. islandica haemocytes and
stabilizes in the mantle fluids under hypoxic conditions
[Strahl and Abele, in preparation]. Experimentally ad-
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ministered NO (produced by the NO donor spermine
NONOate) reduced rapidly the respiration of bivalve gill
tissue under experimental conditions and partly reduced
cytochrome oxidase activity in vitro. Thus, NO may play
arole in MRD, not only by interacting with cytochrome-
c oxidase, but also with other respiratory chain elements
such as complex I with higher K, and thus lower affin-
ity, for oxygen [15] when hypoxic conditions occur (below
10 kPa pO,). This could theoretically mitigate the reduc-
tive state of the respiratory chain to prevent the oxidative
bursts in mitochondria of surfacing reoxygenating bi-
valves. During reoxygenation, NO becomes oxidized to
nitrite which does not affect cytochrome oxidase activity
[Strahl and Abele, submitted].

Interestingly, the transcriptome-based approach re-
vealed the opposite response to anoxia exposure in Baltic
Sea A. islandica from Kiel Bight. In this marginal, but sta-
ble and highly productive population, maximum lifespan
(MLSP) is reduced to only 40 years. In Baltic Sea Arctica,
the majority of stress genes were upregulated in response
to anoxia (but not hypoxia) [14]. The Baltic Sea bivalves live
in a highly fluctuating environment with fast and extreme
changes in temperature, salinity and oxygen, whereas Ger-
man Bight individuals experience more stable physical
conditions. Adaptation to Baltic Sea conditions has led to
higher physiological flexibility and stress hardening in A.
islandica. Their adaptation to an unpredictable and fluctu-
ating environment predisposes resident individuals to
mount a more pronounced stress response at the cost of
cellular maintenance and longevity. The accumulation of
fluorescent age pigments, indicative of the velocity of cel-
lular ageing, is much faster, and 30-year-old Baltic Sea in-
dividuals have a much higher lipofuscin granule density
than both North Sea and Iceland A. islandica centenarians
[Basova et al., unpubl. data]. We conclude that the repro-
ductive success for sustained population density and the
upkeep of stress defence in reproductive specimens are ma-
jor cues for evolution in natural populations. This supports
longevity as a collateral effect only if reproductive efforts
have to be stretched over long time spans. Apparently this
is the case in the North Atlantic Arctica populations.

Dramatic differences in the MLSP expressed by geo-
graphically separated populations of species complexes
such as A. islandica in the North Atlantic and its margin-
al seas (the White Sea and the Baltic) are also observed in
other species. Prominent examples are the geoduck (Pan-
opea) [16] and several freshwater unionids, such as Elliptio
complanata [17]. These differences can neither be ex-
plained by disparate metabolic rates (North Sea and Baltic
Sea A. islandica have similar metabolic rates but differ five
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times in their MLSPs) nor by large discrepancies in anti-
oxidant protection levels [18]. In fact, antioxidant activi-
ties and glutathione levels do not differ significantly be-
tween short- and long-lived A. islandica populations. Fur-
ther, all attempts to correlate antioxidant activities with
lifespan in different bivalve species have failed [1] and low
molecular antioxidants such as glutathione in long-lived
A. islandica are among the highest, but not above the lev-
els measured in shorter-lived species [18]. Our recent
comparison between two short-lived scallops (Argopecten
ventricosus, MLSP 2 years, and Aequipecten opercularis,
10 years) and two burrowing mud clams (A. islandica,
MLSP >400 years, and M. arenaria 15 years) indicated
around 5-fold higher catalase activities in mantle and gill
tissues of Arctica compared to the scallops and even a high
discrepancy (16-fold less than A. islandica values) with M.
arenaria in mantle tissue [19] (table 1). The high catalase
activities, but not the SOD activities, decline over age in
many short- and long-lived bivalves [18-21], and this is in
keeping with a decline in catalase activities and GSH lev-
els in other animal groups [22]. Therefore, if any antioxi-
dant enzyme activity seems to correlate with ageing it
would be catalase, the removal catalyst of H,O, - the more
persistent and less toxic pro-oxidant (compared to super-
oxide and OH), with a larger diffusion range and impor-
tant involvement in multiple chemical reactions and sig-
nalling cascades in the cells. Indeed low but persistent
H,0, concentrations may have a pacemaker function for
ageing at the cellular level. Fine tuning and compartmen-
talization of these H,O, signals may be involved in the
regulation of cellular pathways by interacting with signal-
ling molecules like NO (to form the highly reactive per-
oxynitrite), or with cellular proteins and lipids. Oxidative
damage of proteins (protein carbonyls) and lipids (pro-
duction of aldehydes) has been discussed as one of the cel-
lular signals of ageing [22] that primes transcription fac-
tors [23] (FOXO or DAF-16-like proteins have yet to be
identified in bivalves), cells and organs to switch between
cellular maintenance (supporting longevity) and repro-
duction. In support of this, short-lived A. ventricosus
(MLSP 2 years) have by far higher protein carbonyl accu-
mulation than >100-year-old A. islandica.

Principle 3: Slow Growth, Sex Change and
Reproduction to Life's End

The absence of reproductive senility, i.e. constant fer-
tility and reproductive output independent of age, are
characteristics associated with bivalve longevity [1, 2].

Abele/Philipp

110:46:17 AM



The onset of maturation in long-lived species is often late,
especially in females, and adult individuals show asymp-
totic, slow growth and prolonged reproduction (spawn-
ing periods) throughout the year, rather than in a dis-
tinctly timed spawning peak [16, 24]. This strategy mini-
mizes stress caused by exhaustive reproduction in early
life and lowers oxidative damage accumulation during
the extended reproductive lifespan, but this strategy may
be even more sophisticated.

Many long-lived dioecious bivalves and gastropods
are protandric and change sex from male to female dur-
ing their lifetimes [25, 26]. Whereas young cohorts, in
which extrinsic mortality is high, usually possess a 1:1 sex
ratio or are male-biased, older cohorts are often domi-
nated by females, including female hermaphrodites, as
demonstrated for the freshwater bivalves M. margaritifera
[4] and E. complanata (lifespan 150-200 years) [27]. Fe-
male sex bias in older cohorts and protandry or hermaph-
roditism also occurs in long-lived marine species with A.
islandica [24], the Northern quahog Mercenaria merce-
naria, and the geoduck Panopea generosa [28 and papers
cited herein] as examples. A female bias in older cohorts
optimizes reproductive success, as older and larger fe-
males must invest less into somatic growth and are more
reliable reproducers [25, 26]. Haag and Leann Staton [29]
analysed the increase of fecundity in six long-lived fresh-
water mussels (Unionids, lifespan of several decades) and
found that size but also age were good predictors of fe-
cundity in all investigated species. Especially size can ex-
plain 43-88% of the variation of this trait. Although the
rate of change in fecundity apparently declines in very old
females, the authors reported that these aged individuals
continued to produce large numbers of offspring. With
many small males in the vicinity, probability rises that
the energetically costly eggs will all be fertilized (espe-
cially in brooding species). The dominance of females in
the older cohorts can thus either be the result of sex-spe-
cific longevity in these bivalves, or of a genetic regulation
process that supports longevity in time-dependent (pro-
tandric) or real hermaphrodites. Analysing these changes
of sex-specific gene expression, especially in protandric
species, may thus unravel the genes important for longev-
ity and represents a future challenge in bivalve ageing re-
search.

Contrarily, reproductive senescence in short-lived,
epibenthic and motile bivalves such as scallops and myt-
ilids [30, 31] is well documented. Short-lived bivalves, in-
cluding surf clams [26], also usually display stable sex ra-
tios of 1:1 into advanced age. As mortality from predation
strikes juveniles most strongly (small size), epibenthic
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and shallow-burrowing species usually invest in early
rapid growth, scope for activity, reproduction and stress
defence at young and intermediate ages in both sexes [19,
30]. Interestingly, relatively short-lived oysters can alter-
nate back and forth between sexes several times in their
lives [25].

Evidence is accumulating for an environmental effect
on the timing and intensity of sex switching in gastro-
pods and bivalves, especially in low-density populations
or those with patchy distributions and groupings. Fur-
ther, removal of older (female) individuals by predators
or in commercially exploited stocks induces the earlier
timing of the protandric sex switch [25, 28, 32]. The ef-
fects of fisheries are most easily investigated, but other
environmental impacts that affect older individuals more
severely than younger ones can be anticipated to have
similar effects on sex ratios. How this affects MLSP in any
given population is speculative. While possibly prolong-
ing mean population lifespan, extreme feminization may
bias recruitment. The physiological transformation dur-
ing protandric sex change is highly regulated and de-
pends on different hormonal factors that support mascu-
line gonad development in young individuals. At either a
certain size/age or in response to environmental cues,
these signals cease, spermatogonia are resorbed, and pro-
liferation is induced in the premature oogonia [25]. First
evidence indicates that contaminants which act as endo-
crine disrupters can reduce oestrogen sensitivity in bi-
valve gonads and cause a masculinization in polluted
populations [33, 34]. This can affect local extinctions and
should receive increased attention in future research.

Female bias and, especially, a protandric life history
may thus be the ecological mechanism underlying ex-
treme longevity in some freshwater and marine bivalves.
During the early male life stage, individuals invest in
growth, stress defence, and energetically less consuming
masculine reproduction before switching to the later fe-
male stage which might then be better preconditioned for
survival. Gribben and Creese [28] suggested that this
gives the protandric female an advantage over its strictly
dioecious relatives. The few outstandingly old specimens
in long-lived bivalve populations could, thus, theoreti-
cally, be the protandric individuals, but this hypothesis
will need to be supported by closer examination. In such
a case, sexual transformation may prime an individual to
express longevity-supporting genes by eliciting pathways
that yet have to be elucidated in bivalves. In view of the
peculiar lifestyle of A. islandica, its adaptation to low ox-
ygen environments and its extremely energy-saving be-
haviours and periodic transition to self-induced anaero-
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biosis, energy-saving pathways such as either the insulin/
insulin receptor pathway or autophagic pathways are
strong candidates to start the search for mechanisms of
life extension. Investigations of sex- and age-related dif-
ferential gene expression in species with no a priori ge-
netic sex determination may, thus, be a promising strat-
egy to unravel the mysteries of female longevity in higher

animals, including human beings.
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