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Social insects as a model to study the molecular basis of ageing
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Abstract
One major gap in the current knowledge of the molecular bases of ageing is that most of the work has been done using short-lived model
organisms such as fruitflies, nematodes, yeast and mice. Here, we argue that ants and social bee species provide an excellent complementary
system to study ageing, and this for two reasons: first, in contrast to model organisms, ant and bee queens are extraordinarily long-lived, and
second, there is a tremendous variation in lifespan among the genetically identical queens, workers (non-reproductive females) and males, with
queens living up to 500 times longer than males and 10 times longer than workers. We review recent experimental work aimed at testing the role of
antioxidant genes within the conceptual framework of the free radical theory of ageing, as well as studies investigating the role of juvenile
hormone, vitellogenin and telomeres as mediators of ageing in social insects.
q 2006 Elsevier Inc. All rights reserved.
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Most candidate genes thought to be involved in ageing have
been identified in the model organisms Drosophila melanogaster, Caenorhabditis elegans and the yeast Saccharomyces
cerevisiae. All these organisms are extremely short-lived,
raising the question of how representative they are of the
molecular mechanisms behind ageing in long-lived organisms.
Another potential drawback of studying ageing exclusively in
model organisms is that all experiments are performed in an
artificial environment. Though useful for many obvious
reasons, such conditions may in some cases cause results to
be misleading. A gene that increases the lifespan of a fruitfly in
the laboratory when over-expressed might not have the same
effect in a natural population, where an organism faces
competition, parasites and other challenges. Thus, although
the current candidate genes are able to increase lifespan in a
protected environment, some of them might play no relevant
role in ageing and lifespan determination under natural
conditions. In line with these caveats, several recent studies
showed that under stress mimicking natural conditions, some
long-lived worm and fruitfly mutants incurred a substantial
fitness cost compared to the wildtype (Jenkins et al., 2004;
Marden et al., 2003; Walker et al., 2000), suggesting that these
mutations could not spread in a natural population.
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Because of their peculiar life-history characteristics, social
insects are an excellent system to complement the ageing
research performed on model organisms. The evolution of
sociality in ants, bees, wasps and termites has been
accompanied by a 100-fold increase in the intrinsic (environment-independent) lifespan of the functional females (the
queens), most likely because with the advent of social life and
division of labour this caste has experienced a spectacular
decrease in extrinsic (environment-induced) mortality (Keller
and Genoud, 1997). In some ant species, queens can live up to
30 years (Hölldobler and Wilson, 1990). In addition to this
extreme lifespan, social insects show a tremendous variation in
lifespan among castes within a given species. In ants queens
frequently live 10 times as long as workers, despite the fact that
both castes generally develop from a single genotype through
differential gene expression (Hölldobler and Wilson, 1990;
Wheeler, 1986). Similarly, males differ greatly in lifespan from
females: in some species queens outlive males by a factor of
500. These characteristics make social insects an excellent
testing ground for candidate-ageing and lifespan-regulation
genes identified in model organisms. Given that social insect
castes are genetically identical, genes and proteins that are truly
and globally responsible for differences in lifespan should
show different expression and/or activity patterns in ant
queens, workers and males, a prediction that is easy to test.
Moreover, large-scale gene-expression studies among social
insect castes with different lifespans may help identify new
candidate genes involved in ageing.
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1. Studies of the proximate mechanisms of ageing
in social insects
Several recent studies have provided insight into the
mechanisms that are likely to mediate lifespan determination
in social insects, though this field of research is still in its
infancy. These studies tackle ageing-related questions in a
variety of ways, but all of them capitalize on the naturally
evolved differences in lifespan between castes or between
subgroups of individuals within a given caste.
Plasticity in the rate of ageing can be demonstrated in ant
and bee societies better than in other taxa. In these organisms,
the queen and worker castes whose intrinsic lifespan differs by
one order of magnitude develop from a single genotype, and
even within castes the rate of ageing seems to be readily
modifiable. For instance, hive bees, which are prevented from
becoming foragers, can live up to several times as long as
forager bees (Amdam and Page, 2005). In addition, ant queens
that are mated—be it to fertile or sterile males—are able to live
significantly longer than non-mated queens (Schrempf et al.,
2005). A prime candidate for mediating these life-history
polyphenisms in social insects is juvenile hormone (JH). JH has
been suggested to regulate ageing-rate plasticity, as well as
trade-offs between longevity and fecundity in the fruitfly and in
other insects (Flatt et al., 2005).
In line with the above hypothesis, the difference in lifespan
between hive and forager bees might at least be partially
explained by a JH-mediated shutdown of vitellogenin
synthesis, which affects the forager immune system (Amdam
et al., 2004; Omholt and Amdam, 2004; Seehuus et al., 2006).
Switching to foraging is associated with an increase in JH
(Fluri et al., 1982), which, in turn, leads to the cessation of
vitellogenin synthesis (Pinto et al., 2000). Amdam et al. (2004)
provide correlative and in vitro evidence that low vitellogenin
titers are likely to impinge on the number of functional
hemocytes, which play an important role in insect immune
defense. This vitellogenin–hemocyte association was recently
confirmed experimentally: a decrease in vitellogenin
expression due to RNA interference resulted in a significantly
lower number of functional hemocytes than what was found in
workers with normal vitellogenin expression (Seehuus et al.,
2006). From an evolutionary perspective, the repression of
vitellogenin production and ensuing shutdown of the immune
system in foragers has been interpreted as an adaptive colonylevel energy-saving strategy. Because foragers experience a
higher risk of external mortality than hive bees, the collective
investment in the maintenance of the forager soma may be
lower than in that of hive bees (Amdam et al., 2004; Omholt
and Amdam, 2004).
In addition to its beneficial effect on worker immune
function, vitellogenin might also increase the resistance of
honeybee workers to oxidative stress. Seehuus et al. (2006)
showed that workers with high vitellogenin titers survive
paraquat-induced oxidative stress better than workers with low
vitellogenin titers. Likewise, workers with RNA-interferenceinduced low vitellogenin activity died significantly faster from

paraquat treatment than sham-injected controls with normal
vitellogenin activity.
Two studies, in Lasius niger ants and the honey bee, have
focused on the free radical theory of ageing (Harman, 1956).
This theory suggests that the accumulation of oxidative
damage might be a proximate cause of ageing and that
organismal lifespan is at least in part determined by the rate of
oxidative damage inflicted on cells and tissues. The rate of
oxidative damage depends on the balance between reactive
oxygen-species (ROS) production and antioxidant defense
(Finkel and Holbrook, 2000). Thus, in theory an increased
lifespan can be achieved by lowered ROS production,
increased antioxidant defense, or a combination of both. In
line with the hypothesis that antioxidant activity might mediate
longevity, increased levels of antioxidants were found in
several Drosophila lines selected for long lifespan (Arking
et al., 2002; Dudas and Arking, 1995, reviewed in Finkel and
Holbrook, 2000). In addition, transgenic expression of certain
antioxidant genes in Drosophila has been shown to increase
lifespan, although lifespan extension frequently depended on
the genetic background and other particular conditions
(reviewed in Aigaki et al., 2002; Finkel and Holbrook, 2000).
However, studies in social insects show that increased
antioxidant gene expression or protein activity does not seem
to be required for the evolution of a long lifespan. In the ant
Lasius niger, Cu–Zn superoxide dismutase 1 (CuZnSod)
expression and CuZnSOD activity were lower or equal in
heads, thoraces and abdomen of adult queens compared to the
much shorter-lived adult workers and males (Parker et al.,
2004). Similar results were obtained by Corona et al. (2005) in
the honey bee. These authors measured the expression levels of
eight antioxidant genes in the brain, thorax and abdomen of
queens and workers of various ages. The antioxidant genes
surveyed included CuZnSod, Mn superoxide dismutase 2 and
catalase. Compared to 1-month-old workers, 1-year-old and
1-month-old queens had lower or equal levels of antioxidant
gene expression in almost all body parts and tissues analysed.
These findings in social insects are consistent with previous
cross-species comparisons showing lower levels of antioxidants in longer-lived species (Perez-Campo et al., 1998) and
suggest that decreased ROS generation is more likely to
contribute to the increased lifespan of queens than an enhanced
antioxidant defense (Corona et al., 2005; Parker et al., 2004).
Another study in the ant L. niger focused on telomeres, the
DNA–protein complexes that constitute the ends of linear
chromosomes. Telomere length regulation is thought to be an
important aspect of cell maintenance in eukaryotes, since
shortened telomeres can lead to various defects, including
impaired cell division (Campisi et al., 2001). Although
telomere length is correlated with lifespan in humans (Cawthon
et al., 2003) and birds (Haussmann et al., 2005), the role of
telomeres in ageing and lifespan determination is still under
debate. By means of terminal restriction fragment-length
analysis Jemielity, Kimura, Parker, Parker, Aviv and Keller
(unpublished) tested whether telomere length in ant somatic
tissues correlates with caste-specific lifespan in young adults.
The short-lived L. niger males did indeed have significantly
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shorter telomeres than the longer-lived queens and workers.
These differences most likely arise during early larval
development through faster telomere shortening in males
compared to queens and workers. Differences in cell
proliferation are unlikely to account for the sex-specific
telomere length patterns since males are 6–8 times smaller
than queens and are therefore likely to undergo fewer cell
divisions than queens. In addition, telomerase is active in
somatic tissues of all three castes, suggesting that males do
possess the molecular machinery to counteract telomere
shortening. Based on their own results and similar correlations
between sex-specific telomere length and lifespan in rats
(Cherif et al., 2003) and humans (Benetos et al., 2001; Jeanclos
et al., 2000; Nawrot et al., 2004), Jemielity et al. argue that sexspecific telomere length patterns may ultimately reflect
adaptive differences in the level of somatic maintenance.
According to the disposable soma theory, the longer-lived sex
is predicted to invest more in somatic maintenance (one aspect
of which may be telomere length maintenance) than the
shorter-lived sex (Kirkwood, 1981; Kirkwood and Rose, 1991).
Queens did not, however, have longer telomeres than the
shorter-lived workers, possibly because the development of
these two castes is still coupled when telomere length is
determined.
In the near future, large-scale microarray analysis should
make it possible to learn more about social insect ageing. These
molecular tools, which have already been developed for the
honey bee (Whitfield et al., 2002) and the fire ant Solenopsis
invicta (Wang et al. in preparation), should help identify the
genes that make social insect queens so much longer-lived than
workers and males. Although this approach is purely
comparative, it will allow us to designate candidate genes,
which can then be tested with methods such as RNA
interference. However, the success of this approach will
depend on whether these functional tests can be applied on a
routine basis or only to specific subsets of genes.
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