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Abstract

An enormous amount of work has been done on aging in Drosophila
melanogaster, a classical genetic and molecular model system, but also in nu-
merous other insects. However, these two extensive bodies of work remain
poorly integrated to date. Studies in Drosophila often explore genetic, de-
velopmental, physiological, and nutrition-related aspects of aging in the lab,
while studies in other insects often explore ecological, social, and somatic
aspects of aging in both lab and natural populations. Alongside exciting ge-
nomic and molecular research advances in aging in Drosophila, many new
studies have also been published on aging in various other insects, includ-
ing studies on aging in natural populations of diverse species. However, no
broad synthesis of these largely separate bodies of work has been attempted.
In this review, we endeavor to synthesize these two semi-independent liter-
atures to facilitate collaboration and foster the exchange of ideas and re-
search tools. While lab studies of Drosophila have illuminated many fun-
damental aspects of senescence, the stunning diversity of aging patterns
among insects, especially in the context of their rich ecology, remains vastly
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understudied. Coupled with field studies and novel, more easily applicable molecular methods,
this represents a major opportunity for deepening our understanding of the biology of aging in
insects and beyond.

1. INTRODUCTION

For the past century, biologists have used the vinegar or fruit flyDrosophila melanogaster as a model
in aging research—that is, as an organism whose physiology, cell biology, and genetics have been
studied in great depth in the hope of illuminating biological processes that operate in all animals.
A historical account of aging research in Drosophila reads much like a history of major advances
in evolution, genetics, cell biology, and biochemistry. By aging (or senescence), we mean the age-
related decline in intrinsic function, age-specific survival, and reproduction. In parallel with studies
of senescence in Drosophila, researchers have pursued diverse lines of inquiry into aging in other
insect species, not only in species commonly studied in the lab, like Tribolium and the bean wee-
vil, Callosobruchus maculatus, but also in many nontraditional systems. While a few of these other
insect species have contributed substantially to some areas of aging research (as we detail below),
no other insect has been studied as broadly or intensively as D. melanogaster. In this article, we
review the range of aging research in Drosophila and other insects and use this review to pursue
two broad goals. First, we contrast work in Drosophila with aging research in less studied insect
species, including those that capture some of the stunning diversity found across the class Insecta
(Figure 1). By examining this breadth of research against the backdrop of fly studies, we show
where studies in nontraditional insect species support discoveries from Drosophila and where fly
research has yet to be replicated in other systems and outside of the lab. Second, in setting up the
juxtaposition ofDrosophila and other species, we hope to illustrate how nontraditional species offer
an opportunity to address questions that are not easily answered in Drosophila and the potential
for research tools to be transferred across systems.With these two major goals in mind, we aim to
highlight the tremendous potential for new directions in aging research, both in Drosophila and in
nontraditional insect species.We structure our comparison of Drosophila and other insect systems
by broad intellectual topic.

2. THE DEMOGRAPHY OF INSECT AGING

Measures of age-related changes in demographic processes such as survival and reproductionmake
up a common thread running through all of aging research. Accordingly, we start with a brief
overview of howwe define andmeasure aging demographically and of the concept of demographic
trade-offs, which is central to our understanding of aging in insects.

2.1. Measuring Aging

We see clear signs of aging across almost all species and within individuals across diverse traits,
including physiology (Section 2.2), behavior (Section 4), body structures, and molecular pathways.
These functional senescence changes can result in age-related decline in age-specific reproduc-
tion and survival. It is ultimately age-specific survival and reproduction that define fitness (34).
Thus, these demographic traits shape the evolution of aging in functional traits and lie at the
heart of evolutionary models of aging (34). While both reproduction and survival are obviously
critical to fitness, throughout this review we focus primarily on age-specific survival or its inverse,
age-specific mortality. The rate of increase in age-specific mortality is known as actuarial aging or
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Approximate lifespan in days (log scale)

Phasmatodea Didymuria violescens (3,130)

Drosophila melanogaster (48,149,181)

Solenopsis invicta (31,58)

Dolania americana (33,44,162,163)

Bolitotherus cornutus (60,72)

Teleogryllus commodus (143,182)

Blattodea Periplaneta americana (47,66)

Paratanytarsus grimmii

Macrotermes bellicosus

Euphaedra medon (11,120)

Cyrtorhinus lividipennis (23,41,141)

Chelisoches morio (24,155,156,186)

Megarcys signata (39,172)

Mantodea Mantis religiosa (65,138)
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(Caption appears on following page)
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Figure 1 (Figure appears on preceding page)

Variation in insect lifespan. Lifespan varies by four orders of magnitude in the insects. The plot shows lifespan variation within and
between some major insect orders and Collembola. For each group, one or two species are shown for comparison, with approximate
mean or maximum lifespan in days (log-transformed) based on lab, field, or field-cage studies. Although some species exhibit
considerable sexual dimorphism in lifespan, all lifespans shown are for females unless otherwise indicated. For social insects, lifespans are
shown separately for queens and workers. Note that lifespan can be strongly affected by environmental factors such as diet, temperature,
and crowding, and small differences between species in estimated mean lifespan should therefore be interpreted with caution.
References are listed in parentheses to the right of Order name. Phylogeny is based on Reference 175.

demographic aging.Mortality rates are measurable, at least in principle, in all populations, includ-
ing those that do not reproduce, like sterile hymenopteran workers.Moreover, mortality rates are
comparable between species with diverse reproductive strategies.

Two often-used measures of aging are mean and maximum lifespan, but these do not actu-
ally measure actuarial aging (Figure 2). To understand how a species ages, we need to measure
individual ages at death. Even with a modest sample size, age-at-death data allow us not only to
measure rates of aging, but also to identify factors associated with survival, using Kaplan-Meier
or Cox Proportional Hazard models (99).
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Figure 2

Insect mortality in the lab and the wild. (a) Drosophila melanogaster male courting a female in a vial in the lab.
(b) A marked male antler fly (Protopiophila litigata) guarding a female while being pursued by a marked rival
male on a moose antler in a forest in Algonquin Park, Ontario. (c) Survivorship (proportion alive) as a
function of age. (d) Age-specific mortality rate, plotted on a log10 scale. Curves A and B are representative of
mortality patterns typically observed in lab-housed insects. Curve C (blue) shows a population in which
mortality rates are constant (i.e., no sign of demographic aging), a pattern more commonly seen in the wild.
Photos courtesy of R. Bonduriansky.
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Age-specific mortality curves across diverse vertebrate and invertebrate taxa exhibit a common
pattern, with low rates in early adult life that then increase with age, often following the exponen-
tial increase described by the Gompertz equation (64):

μx = αeβx, 1.

where μx is the instantaneous mortality rate at age x, and α and β are constants. Taking the loga-
rithm of both sides, we obtain

ln(μx ) = ln(α) + βx, 2.

where ln(α) and β represent the intercept and slope, respectively, of the plot of log(mortality)
versus age (Figure 2d). Many researchers use the Gompertz slope β as a measure of the rate of
actuarial aging.

While it was long thought that actuarial aging would be rare in nature, it has been shown to
be common among mammals (135) and even in insects by studies using capture–mark–recapture
methods. An early use of this approach followed wild Drosophila for their entire lifespan (146).
Bonduriansky & Brassil (19) provided the first compelling evidence for actuarial and reproductive
aging in a wild insect by marking and following male antler flies (Protopiophila litigata) living on
discarded moose antlers.Molleman et al. (119) captured and marked more than 30,000 butterflies,
showing that some butterflies can live for at least 9 months, though even these large numbers were
not sufficient to provide estimates of rates of actuarial aging.

Of course, it is not always feasible to track individual insects in the wild longitudinally. An
alternative approach has been to measure lifespan in wild-caught insects housed in the lab. Using
this approach, Carey (33) found that newly emerged mayflies showed signs of aging over their
lifespan of just a few days. While the age of wild-caught adults at capture is typically not known,
Carey and colleagues (124) developedmethods to estimatemortality curves inTephritid flies based
on duration of life following capture of adults of unknown age, a method that has since been
applied to other species (e.g., 13).

2.2. Demographic Trade-Offs

While we often focus on age-specific survival and reproduction in aging research, also of great
interest and importance are the trade-offs, or negative correlations, between these fitness traits
(155), such as the cost-of-reproduction trade-off between early fecundity and survival (15, 54).
These trade-offs make up a central tenet of life-history theory and evolutionary theories of aging
(94, 173). Trade-offs can be physiological (e.g., individuals that reproduce more live shorter lives)
and/or evolutionary (e.g., evolution of higher reproductive effort causes reduced lifespan) (155). In
terms of physiology, trade-offs might arise from competitive resource allocation, as when energy
invested into reproduction is not available for maintenance and survival (see below). For example,
in male crickets, the same adult diet maximizes both survival and reproduction (107).What really
matters evolutionarily is that such trade-offs are genetically based. Negative genetic correlations
arise primarily from alleles with antagonistic pleiotropic effects on the traits involved; antagonistic
pleiotropy (AP) is thought to be one of the key factors underlying the evolution of aging (173).

Some of the clearest evidence for genetically based trade-offs comes from artificial selection
and experimental evolution experiments, mainly in D. melanogaster, selecting for late-life fertility
and/or postponed senescence (54).While the best-known examples of trade-offs come from fruit
flies (for reviews, see 34, 54, 145), there are many studies, both in the field and in the lab, that have
looked at trade-offs in other insects, such as crickets (142), water striders (87), and C. maculatus
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(115). Results have been mixed, however: In some cases, we see clear negative phenotypic correla-
tions between reproduction and survival, while in others, these two traits are positively correlated.
In the field cricket,Gryllus campestris, for example,males that emerge earlier (and presumably start
reproducing sooner) live longer than late-emerging males (for recent reviews, see 54, 142).

Much work has focused on the physiology of costs of reproduction (16, 55, 69). Using genetic
or surgical manipulations that curtail reproduction, it has been found that reproductive arrest ex-
tends lifespan in Drosophila (56) and the grasshopper Romalea microptera (45), but not in the bug
Pyrrhocoris apterus (75). Likewise, mating manipulations in fruit flies and C. maculatus have estab-
lished survival costs of mating (59, 132). In terms of mechanisms, many studies have examined the
endocrine underpinnings of trade-offs (55, 57). Ablation of insulin-producing cells in the brain
or the corpora allata, the gland producing juvenile hormone ( JH), reduces or abolishes fecun-
dity and extends lifespan in D. melanogaster, the butterfly Danaus plexippus, P. apterus, and several
grasshoppers (Anacridium aegyptium, Schistocerca gregaria, Locusta migratoria) (for reviews, see 26,
57, 75, 177). This supports the idea that insulin-like peptides and JH have gonadotropic effects
that promote senescence (for a review, see 57; see also 157, 167).The lifespan-shortening effects of
JHmight be due to its negative effects on oxidative stress resistance and immunity, as suggested by
results from Drosophila; the mealworm beetle, Tenebrio molitor; and the damselfly Calopteryx virgo
(see also 40; for a review, see 57). Similarly, evidence from honey bees (Apis mellifera) indicates
that the yolk precursor vitellogenin, an endocrine factor downstream of insulin and JH, affects
immunity, oxidative stress, and lifespan of workers and might contribute to the long life of queens
(5, 43, 128). Remarkably, costs of reproduction can also depend on sensory perception: In female
and maleD.melanogaster, food-derived odors and olfaction affect lifespan (102). Similarly, in male
flies, the costs of reproduction seem to be associated with the pheromone perception of females;
abolishing pheromone perception abolishes these costs (70).

Because the costs of reproduction might be due to resource allocation trade-offs, several stud-
ies have employed diet manipulation inDrosophila,C.maculatus, butterflies (Bicyclus anynana, Pieris
napi) (51, 54, 165) and other insects (see Section 5). While some studies have found that nutri-
tion might mediate the survival–reproduction trade-off (165), experiments quantifying resource
allocation and metabolic stores in grasshoppers and D. melanogaster have found only weak or no
support for this notion (54).Nonetheless, biochemical and metabolic studies of wing polymorphic
crickets (Gryllus firmus) have established a resource allocation trade-off between reproduction and
investment in flight ability (for a review, see 69). Likewise, manipulation of resource availability
during development has shed light on trade-offs between investment in reproduction-related traits
and juvenile and adult survival in neriid flies (79). Metabolomic studies are likely to advance our
understanding of these issues (for an example in Drosophila, see 76), as they are readily applicable
to most insects.

The ready availability and rapid improvements of physiological methods (endocrinology,
metabolic assays, metabolomics, transcriptomics) mean that many physiological aspects of senes-
cence and trade-offs can now be studied in insects beyond Drosophila.

3. INSECT AGING IN THE LAB VERSUS THE WILD

As most work on insect aging takes place in the lab, we need to be mindful of the influence of the
lab environment not only on measures of aging in the short term, but also on how populations
might evolve in lab culture over the longer term. To understand how senescence evolves and
diversifies, we must also study senescence in natural populations. Senescence integrates numerous
life-history traits (i.e., fitness components such as fecundity and age-specific survival) that are
highly plastic and context dependent in their expression and their effects on fitness (55). Because
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the lab environment differs inmanyways fromnatural environments, captive populations are likely
to express senescence differently and to experience different patterns of selection on senescence.
This means that lab studies could yield misleading results (25).

As we note in Section 2, benign lab environments can mask costs and trade-offs, but not only
due to effects of diet. Mortality risk from most biotic and abiotic sources is dramatically reduced
under typical lab conditions, meaning that captive animals are likely to experience much weaker
selection on traits that affect mortality risk and to survive much longer than they would in the
wild (89, 110). For example, in the wild, individuals that reproduce more or earlier might be more
vulnerable to mortality from predation, illness, or harsh weather. In contrast, elevated reproduc-
tive effort might have little effect on mortality risk in the lab, where such extrinsic mortality risks
are absent. For similar reasons, an allele that affects senescence rate in natural populations (e.g.,
by altering the costs of reproduction or vulnerability to predators or parasites) might have a much
weaker effect on age-specific mortality in the lab than it would in the wild (although the controlled
lab environment might make allelic effects easier to detect and so amplify narrow-sense heritabil-
ity). Lab animals are also typically provided with abundant, rich food and plentiful water, reducing
selection on foraging ability. Thus, while selection in natural populations might act against an al-
lele that induces earlier or greater investment in reproduction because of the associated risks and
costs, the same allele might be under net positive selection in a benign lab environment, where
such risks and costs are greatly reduced. At the same time, truncation of reproductive lifespan in
lab culture (e.g., by propagating populations from eggs laid early in life) can select for reduced
longevity and rapid aging in the lab and result in accelerated aging in lab-adapted flies relative to
natural populations (151).

In some cases, environmental or genetic effects on senescence could be not only masked
but also altered qualitatively by the lab environment. For example, numerous studies on
D. melanogaster and other insects have shown that protein restriction increases lifespan (100, 107),
a response interpreted as an adaptive reallocation of metabolic resources toward somatic main-
tenance that enables animals to survive periods of famine (95). However, because dietary protein
also enhances physiological capacity to respond to challenges such as infection and injury, protein
restriction might increase some mortality risks in natural environments (2).

Another example of how the lab environment could influence results of research on senescence
is the role of extrinsic mortality in the evolution of lifespan and senescence. Extrinsic mortality
(i.e., mortality that results at least partly from factors external to the organism) can result from a
variety of biotic factors (such as predators or pathogens) and abiotic factors (such as harsh weather
or accidents). In insects, spikes in ambient temperature could represent especially important abi-
otic sources of extrinsic mortality (130). Theory and empirical evidence suggest that the evolution
of senescence depends not only on the levels but also on age-specific patterns of extrinsic mor-
tality and fecundity. If extra mortality is random but limited to adult ages, then the ability of
selection to purge mutations that increase mortality erodes faster with age. If extra mortality is
random with respect to all ages, then age-specific selection will not change unless mortality leads
indirectly to something else, such as increased density dependence of age-specific fecundity (120,
173). However, if mortality is strongly condition dependent, then alleles that promote survival
could be favored, potentially resulting in the evolution of slower senescence (1, 35, 141). Thus, if
mortality is more strongly condition dependent in the wild than in the lab, an increased mortality
rate could have very different consequences for the evolution of senescence in natural versus lab
environments.

Little is known about patterns of senescence in natural populations ofD.melanogaster, although
some studies have compared the longevity of lab- versus wild-adapted lines in the lab (e.g., 151),
and a few studies have estimated longevity in the wild using cohort-marking techniques (146) or
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field cages (see, e.g., 109). However, some insects are more amenable to longitudinal field studies
(180). Such studies suggest that captive animals can exhibit dramatically different rates of senes-
cence from their wild counterparts (89) and that dietary proteinmight affect senescence differently
in lab versus natural environments (110). This evidence supports the need for more research on
senescence in natural populations of insects, as well as in seminatural or stressful environments in
the lab (25, 180). Research on natural populations might also contribute to our understanding of
the diversity of senescence patterns (see 38, 86).

4. AGING, BEHAVIOR, AND COGNITION

The impact of aging ismanifest in diverse physiological and behavioral systems. In insects, the abil-
ity to perform complex behaviors such as locomotion, foraging, reproduction, and antipredator
defense contributes enormously to variation in fitness. Because behavioral performance depends
on cognition, a decline in brain or neuronal function with advancing age could contribute sub-
stantially to senescent declines in behavioral performance and fitness. While theory predicts that
all aspects of performance decline with age (173), behavioral performance might decline especially
rapidly because it integrates so many biological systems, relying on the condition and functional-
ity of relevant brain regions, sense organs, motor neurons, muscles, and the cuticle and joints of
locomotory appendages (legs, wings). Reduced functionality in any one system could reduce the
ability to walk, fly, forage, or perform courtship.

In Drosophila, aging is associated with reductions in many aspects of cognitive and behavioral
performance, includingmemory and learning (113, 114, 161), flight performance (97), locomotion
and sleep (85), visual acuity and phototactic ability (32), courtship (36), and response to social cues
(22). These changes are associated with structural and chemical changes in the nervous system,
including loss of neuronal synapses and changes in mushroom bodies in the brain (17, 67, 101,
170), as well as changes in neurotransmitter release (181). Interestingly, age at breeding can affect
cognitive and behavioral performance of descendants. For example, offspring and grand-offspring
of older flies exhibit reduced memory (29), and both maternal and paternal ages at breeding affect
reproductive behavior in offspring (123) (see Section 6).

Studies in other insects suggest that patterns of behavioral senescence can varymarkedly among
taxonomic groups. For example, older cockroaches exhibit reduced ability to solve mazes (27),
but there is little evidence of declining cognitive or behavioral performance in ant or honey bee
workers (12, 63, 147).Moreover, senescent declines appear to be reversed when honey bee workers
switch tasks (126). Yet, like D. melanogaster, old honey bee workers exhibit pronounced changes in
brain structure and chemistry (50, 125, 150), suggesting the possibility of more subtle or context-
dependent changes in performance (e.g., changes in some forms of learning or memory).

While behavioral performance declines with age in many insects, behavioral interactions could
also contribute to senescence. For example, male–male combat can cause wear and tear (e.g., 14).
Likewise, intersexual conflict over mating can result in injury or elevated predation risk (68, 139).
It remains unclear to what extent such interactions impose immediate versus latent costs, but both
types of costs could influence the evolution of senescence.

Understanding the implications of cognitive and behavioral senescence for fitness will require
research in natural and seminatural environments. Both the expression of behavioral traits and
the fitness consequences of such variation are likely to be strongly environment dependent. The
behavior of individual insects in the lab does not necessarily predict their behavior under natural
conditions (53). Lab housing can restrict the opportunity to exhibit many types of behavior as a
result of limited space to fly, run, or jump.Moreover, without a need to disperse, locate food, or es-
cape from predators, locomotory performance might have much less impact on fitness in captivity
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(except perhaps in a sexual context). The lab environment could also affect the rate of decline of
cognitive and behavioral traits. For example, flight performance in D. melanogaster declines more
rapidly with age when flies are prevented from flying (97).

D. melanogaster is very challenging to study in the wild because these tiny and highly mobile
animals are difficult to mark and resight over the course of their lives.However, some evidence for
behavioral senescence from natural populations of other insects is starting to emerge. For example,
in natural populations of P. litigata, male reproductive aging involves both increased time-out
from mating aggregations and a reduction in the ability to mate twice per day (20). Wild cricket
(G. campestris) males exhibit declining call rate and reduced ability to dominate rivals as they age
but do not show declines in mate searching or mating promptness (143). Nonetheless, while older
males attract more females, mating rate still declines with age (143). Very little is known about
behavioral senescence in natural populations of most other insects.

5. ENVIRONMENTAL EFFECTS ON AGING AND LIFESPAN

In insects, age-related fitness traits are exquisitely sensitive to diverse environmental factors, in-
cluding temperature, humidity, diet, and oxygen levels. In this section, we focus on two of the most
commonly studied environmental factors affecting lifespan—temperature and diet.

5.1. Temperature

Some of the earliest work on the biology of insect aging focused on the effect of temperature on
lifespan. Over a century ago, Baumberger (10), in a study of wild-caught individuals from diverse
orders of insects, showed not only that chronic exposure to high temperature was negatively as-
sociated with longevity, but also that a brief early exposure to high temperature was positively
associated with longevity.

The negative correlation between chronic high temperature and lifespan has been demon-
strated in numerous subsequent studies, starting with a review of diverse insects by Alpatov &
Pearl (4); then in greater detail in other Drosophila species [e.g., Maynard Smith (111, 112) re-
capitulated the effects of brief and chronic heat exposure in Drosophila subobscura]; and later in a
diverse range of other systems, from grasshoppers (116, 172) to bedbugs (80, 184) and more (see
90). Just as warm temperatures shorten lifespan, cool temperatures lengthen it (106, 111), and in
some cases, cold-induced diapause can dramatically slow aging (e.g., 166).

The observation by Baumberger (10) andMaynard Smith (112) that early-life exposure to high
temperature might increase lifespan (a phenomenon known as hormesis) generated much excite-
ment when it was rediscovered in D. melanogaster (92) and some other Drosophilids (148). Nu-
merous mechanisms have been suggested for this hormetic temperature effect. High temperature
induces expression of heat shock proteins, key molecules in maintaining proteostasis, providing
long-term benefits to individuals that are primed with a nonlethal heat stress (74).

The compelling effects of temperature on aging raise an important question: How might cli-
mate change alter life history strategies in general, and aging in particular (30)? The tremendous
diversity of insects provides a powerful framework with which to address this question. Numer-
ous studies (28, 93) have shown that warming climate over the past decades has changed insect life
histories. With warming climate, through direct and indirect effects, insects often emerge earlier
in the season; breed earlier; and, in the case of multivoltine species, go through more generations
each year. These warming patterns can also lead to changes in overwinter survival and fitness.
Thus, we might also expect changes in selection on aging due to shorter generation times and
age-specific responses to changes in temperature or resources. On a shorter timescale, extreme
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weather events, including temperature spikes and natural disasters, could lead to mass mortality
events with longer-term consequences on life histories. Although this is beyond the scope of this
discussion, changes in CO2 levels might also affect insect lifespans (131). A key issue is whether
natural populations of insects will be able to adapt to these environmental changes (77). To ad-
dress this,moving the focus back to the lab and studies ofD.melanogastermight provide invaluable
insight into natural populations (77).

5.2. Diet

As with temperature, the first studies of the effects of diet on survival began a century ago (106),
and numerous studies have established the ability of both intermittent feeding and dilute or chem-
ically defined diets [dietary restriction (DR)] to extend lifespan in Drosophila (133). There is con-
siderable debate regarding the generality of the effects of DR on increasing lifespan. Some have
argued that the phenomenon is an artifact of the benign lab environment (i.e., absence of factors
such as predation or temperature stress that might elevate risk for diet-restricted individuals) and
suggested that DR might have no or even a negative effect on lifespan in a natural environment
where individuals are exposed to many stresses and risk factors (2). We see considerable genetic
variation in the response to DR in Drosophila (84), with some genotypes living shorter lives under
DR. Among other insects and spiders, one can find examples of DR leading to increased lifespan
(e.g., 8, 49, 71), leading to decreased lifespan (42, 118), or having no effect. Given this consider-
able variation, in-depth analyses of insects other than Drosophila might shed critical light on the
evolutionary and molecular mechanisms that underlie the DR effect on lifespan.

Both diet- and temperature-related stressors, as well as changes in photoperiod, can provide
cues indicating upcoming stressful environments. In response, many insects can enter diapause, a
state of developmental arrest associated with increased stress resistance and somatic maintenance.
For example, numerous adult insects (e.g., Drosophila, Phormia, grasshoppers, butterflies, bugs)
undergo reproductive diapause or dormancy, a state of reproductive arrest that promotes somatic
persistence and adult survival (for a review, see 168). Reproductive diapause can thus be viewed as
a case of phenotypic plasticity of lifespan and associated life-history traits (168). Similar to larval
diapause in Caenorhabditis elegans, which is also connected to the regulation of adult lifespan, insect
reproductive diapause is under neuroendocrine control (52, 55, 168).

5.3. Biotic Interactions

Age-specific mortality and fecundity rates determine how selection shapes life-history strategies
in general and senescence in particular.Moreover, the literature on the evolution of aging not only
distinguishes between the effects of extrinsic versus intrinsic mortality (156), but also investigates
whether mortality depends on population density (1), individual condition (174), and frequency-
dependent selection (122). These different types of responses to mortality risk might affect how
aging evolves.

However, typically missing from these discussions is the consideration of how biotic factors
might generate different evolutionary responses to mortality risk. Perhaps this is not surprising
given that most studies are carried out in the lab. In the wild, insects might die as a result of
interspecific interactions with predators (149),micro- andmacroparasites (127), and plant-derived
toxins (81). Insects also underscore the importance of intraspecific causes of mortality, including
cannibalism (6), mate competition (105), and sexual conflict (21, 136). Natural populations of
insects offer a powerful resource for exploring these very diverse sources of mortality and their
demographic and evolutionary consequences.
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6. THE GENETICS OF INSECT LONGEVITY

6.1. Quantitative Genetics

Quantitative genetics is concerned with the generation, evolution, and maintenance of genetic
variation for phenotypes of interest.We can show this mathematically as the simple equation P =
G+ E+ cov(G,E), which states that phenotypic variance P is the sum of genetic variance G, envi-
ronmental variance E, and the interaction (covariance) between the two. Genetic variance in turn
can be broken down into component parts, including contributions due to alleles with additive or
dominant effects, epistasis, maternal and paternal genetic effects, and inbreeding. Genetic vari-
ance components influence not only how variable traits are among individuals, but also how they
evolve. Researchers have sought to parse genetic variance for aging into its various components in
an effort to describe the underlying architecture of aging in genetically variable populations and
thereby to test theories of aging (for a review, see 54).While the vast majority of molecular genetic
studies of aging in insects have focused on D. melanogaster, the quantitative genetic literature is
replete with examples from other insect species (e.g., 7, 18, 87, 138). This literature includes not
only tests of predictions arising from the evolutionary genetic theories of aging, but also studies
asking more broadly how genetic and environmental variation affects aging.

Drosophila researchers have invested considerable effort into testing for the relative importance
of the two major evolutionary genetic theories of aging—AP and mutation accumulation (for
reviews, see 34, 54). Some of the earliest studies, on the effects of inbreeding on longevity, were
carried out in the 1950s using D. subobscura (78). The following two decades saw relatively little
work until a series of independent studies showing that artificial selection for long lifespan led to
reduced early-age fecundity, in support of the AP or trade-off model for the evolution of aging
(for a review, see 145). This work sparked decades of research on the quantitative genetics of aging
not only in Drosophila, but also in other insects such as C. maculatus.

Maternal age effects have long been of interest to researchers working on aging in insects.
While maternal age effects have not been a formal component of classical evolutionary models of
aging until recently (121), Lansing (98) showed in rotifers that older mothers produced short-lived
offspring, inspiring numerous studies on parental age effects. The Lansing effect is sometimes re-
capitulated in insects, for example, in butterflies (46) or ladybirds (154), but other studies have
found that older mothers produce longer-lived offspring, as in C. maculatus (61), or have found
no effect of maternal age, as in burying beetles (83). This lack of consistency raises the inter-
esting challenge of identifying the biological or environmental factors that determine the nature
of parental age effects among species. To date, very few studies have investigated whether age at
breeding can affect the longevity of descendants over more than one generation, but some intrigu-
ing findings have come to light. For example, in Drosophila serrata, maternal and grand-maternal
ages at breeding have interactive effects on the viability of descendants (73). In the neriid fly
Telostylinus angusticollis, age-at-breeding effects interact over two generations in both matrilines
and patrilines, with large effects on descendants’ mortality rate and longevity (176). The potential
for maternal and paternal age effects to persist and interact across multiple generations suggests
that such effects could represent a substantial source of aging-related variation among individu-
als. Likewise, the potential for parental environments (e.g., temperature or diet) to influence the
longevity and senescence rate of descendants warrants investigation.

6.2. Molecular Genetics of Lifespan in Insects

Even though the evolutionary geneticist John Maynard Smith (111) had already investigated a
long-lived mutant of the grandchildless gene inD. subobscura in 1958, the molecular genetic study of
lifespan in multicellular organisms only began in earnest with the discovery of long-lived mutants
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in the nematode worm C. elegans in the early 1980s (for a review, see 91). The corresponding
longevity genes were later cloned and characterized by the Ruvkun and Kenyon labs. Several of
these genes turned out to belong to the conserved insulin/insulin-like growth factor signaling (IIS)
pathway (91). These groundbreaking discoveries paved the way for molecular studies of longevity
in other metazoans, mainly in D. melanogaster and the mouseMus musculus (134, 163, 164).

The first longevity mutant to be studied in D. melanogaster was a mutation in the methuselah
(mth) gene, which encodes a G protein–coupled receptor (103). Mutations that extend fly lifespan
were also found in a gene that encodes a tricarboxylic acid–cycle transporter and is named I am not
dead yet (Indy) (144). Around the same time, the first transgenic studies of fly lifespan showed that
overexpression of antioxidant enzymes and heat shock proteins extends lifespan (for a review, see
162).Most notably, work by the laboratories of Marc Tatar and Linda Partridge in the early 2000s
found that mutations in IIS genes homologous to those identified in C. elegans markedly extend
lifespan in the fly, suggesting that the effects of this pathway on longevity are evolutionarily con-
served (37, 164, 167). Downregulation of the target of rapamycin (TOR) pathway, which closely
interacts with the IIS pathway, was also found to promote longevity in Drosophila (88).

By leveraging the powerful genetic toolbox in the fly, subsequent work identified numerous
other genes and pathways impacting longevity, including the histone deacetylase Sir2, first discov-
ered as a factor affecting aging in yeast; JNK signaling; the Imd and Toll immune pathways; the
energy sensor AMPK and the amino acid sensor GCN2/ATF4; Ras-Erk-ETS signaling; the tran-
scription factor Myc; the DNA repair factor dPRP19; steroid hormone (ecdysone) signaling; and
others (e.g., see 134 and references therein).Many of these genes and pathways interact with each
other, and they often converge onto the IIS/TOR network. This body of work has also revealed
how lifespan is correlated with other fitness-related traits such as stress resistance and fecundity,
often revealing the existence of trade-offs between lifespan and other fitness components (54).

Unfortunately, much less is known about the molecular genetics of longevity in insects other
than D. melanogaster, mainly due to the unavailability of genetic tools, with a few notable excep-
tions. For example, RNA interference (RNAi) has been leveraged to show that the yolk precursor
gene vitellogenin (Vg) and the insulin receptor substrate gene affect worker lifespan in the honey bee
(A. mellifera) (82, 128). Similarly, RNAi knockdown of Vg has been found to extend lifespan in
the lubber grasshopper (Romalea microptera) (171). While progress in insects outside Drosophila
has been slow, the rapid improvements of genetic tools such as transgenesis, RNAi, and—most
importantly—CRISPR/Cas9 genome editing hold the promise that the mechanisms of aging can
soon be studied in a variety of insects, at least in those that can be bred easily in the lab (62, 158).
Such tools are now applicable to many insects, including the silk moth (Bombyx mori) and other
lepidopterans, the flour beetle (Tribolium castaneum),mosquitoes (Aedes aegypti, Anopheles stephensi),
the linden bug (Pyrrhocoris apterus), and the clonal raider ant (Ooceraea biroi). Notably, recent work
in the brown planthopper (Nilaparvata lugens) has employed CRISPR/Cas9 to induce mutations
in the insulin-like receptor gene, showing that heterozygous mutants are long-lived and suggesting
that the effects of reduced IIS upon lifespan are conserved between planthoppers and Drosophila
(182). There is also much scope for research on the potential roles of epigenetic factors (such
as DNA methylation and chromatin structure) in shaping variation in lifespan and aging rate in
insects and mediating the effects of environmental factors on these traits.

7. CONCLUSIONS

Among themillions of insect species that exist, we have barely scratched the surface of the diversity
in patterns and mechanisms of aging. This diversity provides us with a fantastic opportunity to
learn how ecology and physiology shape patterns of aging and about its underlying mechanisms,
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from evolutionarily conserved traits to those found in a single taxon. We now have molecular
tools to explore this realm of aging far beyondDrosophila and indeed beyond traditional lab-based
studies. In this section, we highlight five research areas likely to prove especially fruitful in the
coming years.

First, scientific discovery starts with observation. We urge the next generation of researchers
to explore the full diversity of aging and life-history strategies found in insects (e.g., Figure 1).
How is the evolution of aging affected by whether a species is semelparous or iteroparous, a cap-
ital versus an income breeder (e.g., C. maculatus versus D. melanogaster), hemimetabolous versus
holometabolous, aposematic versus cryptic, winged versus wingless, and so forth? Similarly, how is
aging influenced by the extraordinary range of environments in which insects are found, in terms
of both plastic responses within species and long-term evolutionary responses across taxa?

Second, to better understand how selection shapes aging and the entire life history, we need to
investigate how genes and physiological systems interact with key environmental variables such as
nutrients, temperature, and parasites or symbionts. Such research is very challenging to do with
D. melanogaster because these animals have low site fidelity (i.e., they do not form stable aggrega-
tions and lack a defined home range). However, such work can be done using field systems such as
antler flies, which have a high degree of site fidelity that makes it possible to observe individually
marked insects throughout their lives in the wild.Many other insects, includingDrosophila, can be
studied in seminatural enclosures such as field cages and under controlled stressful environments
in the lab.

Third, comparative phylogenetic studies of aging have highlighted the enormous diversity of
lifespans among species, ecological factors associated with this diversity, and even potential ge-
netic determinants (96). While comparative studies of aging have focused largely on vertebrates,
the phenomenal genetic, ecological, and life-history diversity of insects is a powerful resource for
understanding the evolution of longevity and senescence. Drosophila melanogaster has been enor-
mously fruitful as a research model for understanding highly conserved processes in aging, but
rigorous phylogenetic studies are needed to achieve a full understanding of how natural selection
shapes aging.

Fourth, many molecular and genomic tools—previously limited to D. melanogaster and a
few other animals—are becoming increasingly available for use with other insects. Conversely,
techniques developed for field research (e.g., mark–recapture studies) could be applied to
D. melanogaster to better understand the natural ecology of this lab model. We believe that such
transfer of tools and approaches harbors great potential for enhancing our understanding of the
ecology and evolution of senescence. These tools will make it possible to investigate aging at
physiological, cellular, genetic, and ecological scales in a diverse range of insect species exhibiting
distinct ecological niches and vast differences in body size,morphology, physiology, and longevity.
The transfer of tools between species will make it possible to take full advantage of insect diversity
in aging research.

Finally, in Section 5, we discuss the potential impact of climate change on patterns of aging
in insects. Researchers have already begun to consider the effect of global warming on insect
phenology (28). This area is particularly rich with important research opportunities. Research on
a diverse range of insect species, especially those found in climate change hotspots, will provide
us with critically important biotic indicators of the speed with which this change is occurring and
its short-term (demographic) and long-term (evolutionary) impacts on aging in insects.

Aging is a conceptual hub with the potential to link diverse realms of biological inquiry, from
ecology and evolution, to physiology and behavior, to biophysics and molecular and systems bi-
ology. In our effort to improve aging research by bridging these disciplines, these bridges can
inform broad areas of research.What better way to pursue this agenda than against the backdrop
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of the stunning diversity of insects, including the diversity in patterns of aging that we are only
beginning to discover?

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We are grateful to Angela Douglas for her invitation to contribute this paper and toMarc Tatar for
helpful comments on a previous version of the manuscript.We apologize that, due to space limita-
tions,we often had to cite reviews and could not always give proper credit to original research.R.B.
was supported by a Discovery Grant from the Australian Research Council (DP170102449). T.F.
was supported by grants from the Swiss National Science Foundation (SNSF 31003A_182262);
the Novartis Foundation for Medical-Biological Research; and aMercator Visiting Professor Fel-
lowship from theGermanResearch Foundation (DFG) held at the Institute for Evolution andBio-
diversity, University of Münster. D.E.L.P. was supported in part by National Institutes of Health
grants AG049494 and AG063371.

LITERATURE CITED

1. Abrams PA. 1993. Does increased mortality favor the evolution of more rapid senescence? Evolution
47:877–87

2. Adler MI, Bonduriansky R. 2014. Why do the well-fed appear to die young? A new evolutionary hy-
pothesis for the effect of dietary restriction on lifespan. Bioessays 36:439–50

3. Alavi Y, Elgar MA, Jones TM. 2017. Sex versus parthenogenesis; immune function in a facultatively
parthenogenetic phasmatid (Extatosoma tiaratum). J. Insect Physiol. 100:65–70

4. Alpatov W, Pearl R. 1929. Experimental studies on the duration of life. XII. Influence of temperature
during the larval period and adult life on the duration of the life of the imago of Drosophila melanogaster.
Am. Nat. 63:37–67

5. Amdam GV, Simoes ZLP, Hagen A, Norberg K, Schroder K, et al. 2004. Hormonal control of the yolk
precursor vitellogenin regulates immune function and longevity in honeybees. Exp. Gerontol. 39:767–73

6. Anholt BR. 1994. Cannibalism and early instar survival in a larval damselfly.Oecologia 99:60–65
7. Archer CR, Hunt J. 2015. Understanding the link between sexual selection, sexual conflict and aging

using crickets as a model. Exp. Gerontol. 71:4–13
8. Austad SN. 1989. Life extension by dietary restriction in the bowl and doily spider,Frontinella pyramitela.

Exp. Gerontol. 24:83–92
9. Banks MJ, Thompson DJ. 1985. Emergence, longevity and breeding area fidelity in Coenagrion puella

(L.) (Zygoptera: Coenagrionidae). Odonalologica 14:279–86
10. Baumberger PJ. 1914. Studies in the longevity of insects. Ann. Entomol. Soc. Am. 7:323–53
11. Beck J, Fiedler K. 2009. Adult life spans of butterflies (Lepidoptera: Papilionoidea + Hesperioidea):

broadscale contingencies with adult and larval traits in multi-species comparisons. Biol. J. Linn. Soc.
96:166–84

12. Behrends A, Scheiner R, Baker N, Amdam GV. 2007. Cognitive aging is linked to social role in honey
bees (Apis mellifera). Exp. Gerontol. 42:1146–53

13. Behrman EL,Watson SS,O’Brien KR,Heschel MS, Schmidt PS. 2015. Seasonal variation in life history
traits in two Drosophila species. J. Evol. Biol. 28:1691–704

14. Beirne C, Delahay R, Young A. 2015. Sex differences in senescence: the role of intra-sexual competition
in early adulthood. Proc. R. Soc. B 282:20151086

15. Bell G, Koufopanou V. 1985. The cost of reproduction.OSEB 3:83–131
16. Bell G, Koufopanou V, eds. 1986. The Cost of Reproduction, Vol. 3. Oxford, UK: Oxford Univ. Press

96 Promislow • Flatt • Bonduriansky

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

02
2.

67
:8

3-
10

3.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
N

ew
 S

ou
th

 W
al

es
 o

n 
03

/1
6/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



17. Beramendi A,Peron S,CasanovaG,Reggiani C,Cantera R. 2007.Neuromuscular junction in abdominal
muscles of Drosophila melanogaster during adulthood and aging. J. Comp. Neurol. 501:498–508

18. Blanckenhorn WU, Fairbairn D. 1995. Life history adaptation along a latitudinal cline in the water
strider Aquarius remigis (Heteroptera: Gerridae). J. Evol. Biol. 8:21–41

19. Bonduriansky R, Brassil CE. 2002. Rapid and costly ageing in wild male flies.Nature 420:377
20. Bonduriansky R, Brassil CE. 2005. Reproductive ageing and sexual selection on male body size in a wild

population of antler flies (Protopiophila litigata). J. Evol. Biol. 18:1332–40
21. Bonduriansky R, Maklakov A, Zajitschek F, Brooks R. 2008. Sexual selection, sexual conflict and the

evolution of ageing and life span. Funct. Ecol. 22:443–53
22. Brenman-Suttner DB, Yost RT, Frame AK, Robinson JW,Moehring AJ, Simon AF. 2020. Social behav-

ior and aging: a fly model.Genes Brain Behav. 19:e12598
23. Brent CS, Spurgeon DW. 2019. Egg production and longevity of Lygus hesperus (Hemiptera: Miridae)

adult females under constant and variable temperatures. J. Entomol. Sci. 54:69–80
24. BricenoR,EberhardW.1987.Genetic and environmental effects onwing polymorphisms in two tropical

earwigs (Dermaptera: Labiidae).Oecologia 74:253–55
25. Briga M, Verhulst S. 2015. What can long-lived mutants tell us about mechanisms causing aging and

lifespan variation in natural environments? Exp. Gerontol. 21:71–76
26. Broughton SJ, Piper MDW, Ikeya T, Bass TM, Jacobson J, et al. 2005. Longer lifespan, altered

metabolism, and stress resistance in Drosophila from ablation of cells making insulin-like ligands. PNAS
102:3105–10

27. Brown S, Strausfeld N. 2009. The effect of age on a visual learning task in the American cockroach.
Learn. Mem. 16:210–23

28. Buckley LB, Arakaki AJ, Cannistra AF, Kharouba HM, Kingsolver JG. 2017. Insect development, ther-
mal plasticity and fitness implications in changing, seasonal environments. Integr. Comp. Biol. 57:988–98

29. Burns JG,Mery F. 2010.Transgenerational memory effect of ageing inDrosophila. J. Evol. Biol.23:678–86
30. Burraco P, Orizaola G, Monaghan P, Metcalfe NB. 2020. Climate change and ageing in ectotherms.

Glob. Change Biol. 26:5371–81
31. Calabi P, Porter SD. 1989.Worker longevity in the fire ant Solenopsis invicta: ergonomic considerations

of correlations between temperature, size and metabolic rates. J. Insect Physiol. 35:643–49
32. Carbone MA, Yamamoto A, Huang W, Lyman RA, Meadors TB, et al. 2016. Genetic architecture of

natural variation in visual senescence in Drosophila. PNAS 113:E6620–29
33. Carey JR. 2002. Longevity minimalists: life table studies of two species of northern Michigan adult

mayflies. Exp. Gerontol. 37:567–70
34. Charlesworth B. 1994. Evolution in Age-Structured Populations. Cambridge, UK: Cambridge Univ. Press
35. Chen HY, Maklakov AA. 2012. Longer life span evolves under high rates of condition-dependent mor-

tality. Curr. Biol. 22:2140–43
36. Churchill ER, Dytham C, Thom MDF. 2019. Differing effects of age and starvation on reproductive

performance in Drosophila melanogaster. Sci. Rep. 9:2167
37. Clancy DJ, Gems D, Harshman LG, Oldham S, Stocker H, et al. 2001. Extension of life-span by loss of

CHICO, a Drosophila insulin receptor substrate protein. Science 292:104–6
38. Cohen AA. 2017. Taxonomic diversity, complexity and the evolution of senescence. In The Evolution of

Senescence in the Tree of Life, ed. RP Sheferson, OR Jones, R Salguero-Gomez, pp. 83–102. Cambridge,
UK: Cambridge Univ. Press

39. Collier KJ, Smith BJ. 2000. Interactions of adult stoneflies (Plecoptera) with riparian zones. I. Effects of
air temperature and humidity on longevity. Int. J. Freshwater Entomol. 22:275–84

40. Contreras-Garduno J, Cordoba-Aguilar A, Lanz-Mendoza H, Rivera AC. 2009. Territorial behaviour
and immunity are mediated by juvenile hormone: the physiological basis of honest signalling? Funct.
Ecol. 23:157–63

41. Cook LG,Gullan PJ. 2001. Longevity and reproduction in Apiomorpha rubsaamen (Hemiptera: Sternor-
rhyncha: Coccoidea). Boll. Zool. Agr. Bachic. II 33:259–65

42. Cooper TM,Mockett RJ, Sohal BH, Sohal RS, Orr WC. 2004. Effect of caloric restriction on life span
of the housefly,Musca domestica. FASEB J. 18:1591–93

www.annualreviews.org • Aging in Insects 97

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

02
2.

67
:8

3-
10

3.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
N

ew
 S

ou
th

 W
al

es
 o

n 
03

/1
6/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



43. Corona M, Velarde RA, Remolina S, Moran-Lauter A, Wang Y, et al. 2007. Vitellogenin, juvenile hor-
mone, insulin signaling, and queen honey bee longevity. PNAS 104:7128–33

44. Daly HV, Doyen JT, Ehrlich PR. 1978. Introduction to Insect Biology and Diversity. New York: McGraw
Hill

45. Drewry MD,Williams JM,Hatle JD. 2011. Life-extending dietary restriction and ovariectomy result in
similar feeding rates but different physiologic responses in grasshoppers. Exp. Gerontol. 46:781–86

46. Ducatez S, Baguette M, Stevens V, Legrand D, Fréville H. 2012. Complex interactions between pa-
ternal and maternal effects: parental experience and age at reproduction affect fecundity and offspring
performance in a butterfly. Evolution 66:3558–69

47. Elsner D, Meusemann K, Korb J. 2018. Longevity and transposon defense, the case of termite repro-
ductives. PNAS 115:5504–9

48. Encina F,De Los Ríos P, Vega R,Mardones A. 2020. Standard culture of Paratanytarsus grimmii Schnei-
der, 1885 (Diptera: Chironomidae), for its use in toxicity bioassays. Braz. J. Biol. 80:735–40

49. Fadamiro HY, Heimpel GE. 2001. Effects of partial sugar deprivation on lifespan and carbohydrate
mobilization in the parasitoid Macrocentrus grandii (Hymenoptera: Braconidae). Ann. Entomol. Soc. Am.
94:909–16

50. Farris SM, Robinson GE, Fahrbach SE. 2001. Experience- and age-related outgrowth of intrinsic neu-
rons in the mushroom bodies of the adult worker honeybee. J. Neurosci. 21:6395–404

51. Ferkau C, Fischer K. 2006. Costs of reproduction in male Bicyclus anynana and Pieris napi butterflies:
effects of mating history and food limitation. Ethology 112:1117–27

52. Fielenbach N, Antebi A. 2008. C. elegans dauer formation and the molecular basis of plasticity. Genes
Dev. 22:2149–65

53. Fisher DN, James A, Rodriguez-Munoz R, Tregenza T. 2015. Behaviour in captivity predicts some as-
pects of natural behaviour, but not others, in a wild cricket population. Proc. Biol. Sci. 282:20150708

54. Flatt T. 2020. Life-history evolution and the genetics of fitness components in Drosophila melanogaster.
Genetics 214:3–48

55. Flatt T, Amdam GV, Kirkwood TBL, Omholt SW. 2013. Life-history evolution and the polyphenic
regulation of somatic maintenance and survival. Q. Rev. Biol. 88:185–218

56. Flatt T, Min KJ, D’Alterio C, Villa-Cuesta E, Cumbers J, et al. 2008. Drosophila germ-line modulation
of insulin signaling and lifespan. PNAS 105:6368–73

57. Flatt T,TuM-P,TatarM. 2005.Hormonal pleiotropy and the juvenile hormone regulation ofDrosophila
development and life history. BioEssays 27:999–1010

58. Formica VA, Augat ME, Barnard ME, Butterfield RE,Wood CW, Brodie ED. 2010. Using home range
estimates to construct social networks for species with indirect behavioral interactions. Behav. Ecol.
Sociobiol. 64:1199–208

59. Fowler K, Partridge L. 1989. A cost of mating in female fruitflies.Nature 338:760–61
60. Fox CW, Bush ML, Roff DA, Wallin WG. 2004. Evolutionary genetics of lifespan and mortality rates

in two populations of the seed beetle, Callosobruchus maculatus.Heredity 92:170–81
61. Fox CW, Bush ML, Wallin WG. 2003. Maternal age affects offspring lifespan of the seed beetle,

Callosobruchus maculatus. Funct. Ecol. 17:811–20
62. Fraser MJ. 2011. Insect transgenesis: current applications and future prospects. Annu. Rev. Entomol.

57:267–89
63. Giraldo YM, Kamhi JF, Fourcassié V, Moreau M, Robson SK, et al. 2016. Lifespan behavioural and

neural resilience in a social insect. Proc. Biol. Sci. 283:20152603
64. Gompertz B. 1825.On the nature of the function expressive of the law of human mortality and on a new

mode of determining life contingencies. Philos. Trans. R. Soc. Lond. 1825:513–85
65. Greyvenstein B,Du Plessis H,MoulinN,Van den Berg J. 2020.Distribution ofGalepsus spp. in Southern

Africa and Life History of Galepsus lenticularis (Mantodea: Tarachodidae). Insects 11:119
66. Griffiths JT, Tauber OE. 1942. Fecundity, longevity, and parthenogenesis of the American Roach,

Periplaneta americana L. Physiol. Zool. 15:196–209
67. Haddadi M, Jahromi SR, Chandrasekhar Sagar BK, Patil RK, Shivanandappa T, Ramesh SR. 2014.

Brain aging, memory impairment and oxidative stress: a study in Drosophila melanogaster. Behav. Brain
Res. 259:60–69

98 Promislow • Flatt • Bonduriansky

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

02
2.

67
:8

3-
10

3.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
N

ew
 S

ou
th

 W
al

es
 o

n 
03

/1
6/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



68. Han CS, Jablonski PG. 2010.Male water striders attract predators to intimidate females into copulation.
Nat. Commun. 1:52

69. Harshman L, Zera A. 2007. The cost of reproduction: the devil in the details.Trends Ecol. Evol. 22:80–86
70. Harvanek ZM,Lyu Y,Gendron CM, Johnson JC,Kondo S, et al. 2017. Perceptive costs of reproduction

drive ageing and physiology in male Drosophila.Nat. Ecol. Evol. 1:152
71. Hatle JD,Wells SM, Fuller LE, Allen IC,Gordy LJ, et al. 2006.Calorie restriction and late-onset calorie

restriction extend lifespan but do not alter protein storage in female grasshoppers. Mech. Ageing Dev.
127:883–91

72. Heatwole H, Heatwole A. 1968. Movements, host-fungus preferences, and longevity of Bolitotherus cor-
nutus (Coleoptera: Tenebrionidae). Ann. Entomol. Soc. Am. 61:18–23

73. Hercus MJ, Hoffmann AA. 2000. Maternal and grandmaternal age influence offspring fitness in
Drosophila. Proc. R. Soc. Lond. B 267:2105–10

74. HercusMJ,Loeschcke V,Rattan SI. 2003. Lifespan extension ofDrosophila melanogaster through horme-
sis by repeated mild heat stress. Biogerontology 4:149–56

75. Hodkova M. 2008. Tissue signaling pathways in the regulation of life-span and reproduction in females
of the linden bug, Pyrrhocoris apterus. J. Insect Physiol. 54:508–17

76. Hoffman JM, Soltow QA, Li S, Sidik A, Jones DP, Promislow DEL. 2014. Effects of age, sex, and geno-
type on high-sensitivity metabolomic profiles in the fruit fly,Drosophila melanogaster. Aging Cell 13:596–
604

77. Hoffmann AA, Sgro CM. 2011. Climate change and evolutionary adaptation.Nature 470:479–85
78. Hollingsworth MJ, Maynard Smith J. 1955. The effects of inbreeding on rate of development and on

fertility in Drosophila subobscura. J. Genet. 53:295–314
79. Hooper AK, Spagopoulou F, Wylde Z, Maklakov AA, Bonduriansky R. 2017. Ontogenetic timing as a

condition-dependent life history trait: High-condition males develop quickly, peak early, and age fast.
Evolution 71:671–85

80. How Y-F, Lee C-Y. 2014. Effects of temperature and humidity on the survival and water loss of Cimex
hemipterus (Hemiptera: Cimicidae). J. Med. Entomol. 47:987–95

81. Ibanez S, Gallet C, Després L. 2012. Plant insecticidal toxins in ecological networks. Toxins 4:228–43
82. Ihle EK, Mutti SN, Kaftanoglu O, Amdam VG. 2019. Insulin receptor substrate gene knockdown ac-

celerates behavioural maturation and shortens lifespan in honeybee workers. Insects 10:390
83. Ivimey-Cook E, Moorad J. 2018. Disentangling pre- and postnatal maternal age effects on offspring

performance in an insect with elaborate maternal care. Am. Nat. 192:564–76
84. Jin K, Wilson KA, Beck JN, Nelson CS, Brownridge GW 3rd, et al. 2020. Genetic and metabolomic

architecture of variation in diet restriction-mediated lifespan extension in Drosophila. PLOS Genet.
16:e1008835

85. JonesMA,GrotewielM. 2011.Drosophila as a model for age-related impairment in locomotion and other
behaviours. Exp. Gerontol. 46:320–25

86. Jones OR, Scheuerlein A, Salguero-Gomez R, Camarda CG, Schaible R, et al. 2014. Diversity of ageing
across the tree of life.Nature 505:169–73

87. Kaitala A. 1991. Phenotypic plasticity in reproductive behaviour of waterstriders: trade-offs between
reproduction and longevity during food stress. Funct. Ecol. 5:12–18

88. Kapahi P, Zid BM,Harper T, Koslover D, Sapin V, Benzer S. 2004. Regulation of lifespan inDrosophila
by modulation of genes in the TOR signaling pathway. Curr. Biol. 14:885–90

89. Kawasaki N, Brassil CE, Brooks RC, Bonduriansky R. 2008. Environmental effects on the expression
of life span and aging: an extreme contrast between wild and captive cohorts of Telostylinus angusticollis
(Diptera: Neriidae). Am. Nat. 172:346–57

90. Keil G, Cummings E, de Magalhaes JP. 2015. Being cool: how body temperature influences ageing and
longevity. Biogerontology 16:383–97

91. Kenyon C. 2011.The first long-lived mutants: discovery of the insulin/IGF-1 pathway for ageing.Philos.
Trans. R. Soc. B 366:9–16

92. Khazaeli AA, Tatar M, Pletcher SD, Curtsinger JW. 1997. Heat-induced longevity extension in
Drosophila. I. Heat treatment, mortality, and thermotolerance. J. Gerontol. A 52:B48–52

www.annualreviews.org • Aging in Insects 99

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

02
2.

67
:8

3-
10

3.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
N

ew
 S

ou
th

 W
al

es
 o

n 
03

/1
6/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



93. Kiritani K. 2013.Different effects of climate change on the population dynamics of insects.Appl. Entomol.
Zool. 48:97–104

94. Kirkwood TBL. 1977. Evolution and ageing.Nature 270:301–4
95. Kirkwood TBL, Shanley DP. 2005. Food restriction, evolution and ageing.Mech. Ageing Dev. 126:1011–

16
96. Kowalczyk A, Partha R, Clark NL, Chikina M. 2020. Pan-mammalian analysis of molecular constraints

underlying extended lifespan. eLife 9:e51089
97. Lane SJ, FrankinoWA,ElekonichMM,Roberts SP. 2014.The effects of age and lifetime flight behavior

on flight capacity in Drosophila melanogaster. J. Exp. Biol. 217:1437–43
98. Lansing AI. 1947. A transmissible, cumulative, and reversible factor in aging. J. Gerontol. 2:228–39
99. Lee ET. 1992. Statistical Methods for Survival Data Analysis. New York: Wiley

100. Lee KP, Simpson SJ, Clissold FJ, Brooks R, Ballard JWO, et al. 2008. Lifespan and reproduction in
Drosophila: new insights from nutritional geometry. PNAS 105:2498–503

101. Liao S, Broughton S, Nässel DR. 2017. Behavioral senescence and aging-related changes in motor neu-
rons and brain neuromodulator levels are ameliorated by lifespan-extending reproductive dormancy in
Drosophila. Front. Cell Neurosci. 11:111

102. Libert S, Zwiener J, Chu X, Vanvoorhies W, Roman G, Pletcher SD. 2007. Regulation ofDrosophila life
span by olfaction and food-derived odors. Science 315:1133–37

103. Lin Y-J, Seroude L, Benzer S. 1998. Extended life-span and stress resistance in the Drosophila mutant
methuselah. Science 282:943–46

104. Lindsay E. 1940. The biology of the silverfish, Ctenolepisma longicaudata Esch. with particular reference
to its feeding habits. Proc. R. Soc. Victoria 52:35–83

105. Liu P-C, Wei J-R, Tian S, Hao D-J. 2017. Male-male lethal combat in the quasi-gregarious parasitoid
Anastatus disparis (Hymenoptera: Eupelmidae). Sci. Rep. 7:11875

106. Loeb J, Northrop J. 1917. On the influence of food and temperature upon the duration of life. J. Biol.
Chem. 32:103–21

107. Maklakov AA, Simpson SJ, Zajitschek F, Hall MD, Dessmann J, et al. 2008. Sex-specific fitness effects
of nutrient intake on reproduction and lifespan. Curr. Biol. 18:1062–66

108. Mallard F, Farina M, Tully T. 2015. Within-species variation in long-term trajectories of growth, fe-
cundity and mortality in the Collembola Folsomia candida. J. Evol. Biol. 28:2275–84

109. Mathur V, Schmidt PS. 2017. Adaptive patterns of phenotypic plasticity in laboratory and field environ-
ments in Drosophila melanogaster. Evolution 71:465–74

110. Mautz B, Rode N, Bonduriansky R, Rundle H. 2019. Comparing ageing and the effects of diet supple-
mentation in wild versus captive antler flies, Protopiophila litigata. J. Anim. Ecol. 88:1913–24

111. Maynard Smith J. 1958. The effects of temperature and of egg-laying on the longevity of Drosophila
subobscura. J. Exp. Biol. 35:832–42

112. Maynard Smith J. 1958. Prolongation of the life of Drosophila subobscura by brief exposure of adults to a
high temperature.Nature 181:496–97

113. Mery F. 2007. Aging and its differential effects on consolidated memory forms in Drosophila. Exp.
Gerontol. 42:99–101

114. Mery F, Kawecki T. 2005. A cost of long-term memory in Drosophila. Science 308:1148
115. Messina FJ, Fry J. 2003. Environment-dependent reversal of a life history trade-off in the seed beetle

Callosobruchus maculatus. J. Evol. Biol. 16:501–9
116. Michelutti KB, Soares ERP, Sguarizi-Antonio D, Piva RC, Súarez YR, et al. 2018. Influence of temper-

ature on survival and cuticular chemical profile of social wasps. J. Therm. Biol. 71:221–31
117. Michiels NK, Dhondt AA. 1989. Effects of emergence characteristics on longevity and maturation in

the dragonfly Sympetrum danae (Anisoptera: Libellulidae).Hydrobiologia 171:149–58
118. Molleman F, Ding J, Boggs CL, Carey JR, Arlet ME. 2009. Does dietary restriction reduce life span in

male fruit-feeding butterflies? Exp. Gerontol. 44:601–6
119. Molleman F, Zwaan BJ, Brakefield PM, Carey JR. 2007. Extraordinary long life spans in fruit-feeding

butterflies can provide window on evolution of life span and aging. Exp. Gerontol. 42:472–82
120. Moorad J, Promislow D, Silvertown J. 2019. Evolutionary ecology of senescence and a reassessment of

Williams’ “extrinsic mortality” hypothesis. Trends Ecol. Evol. 34:519–30

100 Promislow • Flatt • Bonduriansky

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

02
2.

67
:8

3-
10

3.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
N

ew
 S

ou
th

 W
al

es
 o

n 
03

/1
6/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



121. Moorad JA, Nussey DH. 2016. Evolution of maternal effect senescence. PNAS 113:362–67
122. Moorad JA, Promislow DE. 2011. Evolutionary demography and quantitative genetics: age-specific sur-

vival as a threshold trait. Proc. Biol. Sci. 278:144–51
123. Mossman JA, Mabeza RMS, Blake E, Mehta N, Rand DM. 2019. Age of both parents influences repro-

duction and egg dumping behavior in Drosophila melanogaster. J. Hered. 110:300–9
124. Müller HG, Wang JL, Carey JR, Caswell-Chen EP, Chen C, et al. 2004. Demographic window to ag-

ing in the wild: constructing life tables and estimating survival functions from marked individuals of
unknown age. Aging Cell 3:125–31

125. Münch D, Amdam GV, Wolschin F. 2008. Ageing in a eusocial insect: molecular and physiological
characteristics of life span plasticity in the honey bee. Funct. Ecol. 22:407–21

126. Münch D, Kreibich CD, Amdam GV. 2013. Aging and its modulation in a long-lived worker caste of
the honey bee. J. Exp Biol. 216:1638–49

127. Myers JH, Rothman LE. 1995. Virulence and transmission of infectious diseases in humans and insects:
evolutionary and demographic patterns. Trends Ecol. Evol. 10:194–98

128. Nelson CM, Ihle KE, Fondrk MK, Page RE Jr., Amdam GV. 2007. The Gene vitellogenin has multiple
coordinating effects on social organization. PLOS Biol. 5:e62

129. NeumannFG.1976.Egg production, adult longevity andmortality of the stick insectDidymuria violescens
(Leach) (Phasmatodea: Plasmatidae) inhabiting mountain ash forest in Victoria. J. Aust. Ent. Soc. 15:183–
90

130. Neuvonen S, Virtanen T. 2015. Abiotic factors, climatic variability and forest insect pests. In Climate
Change and Insect Pests, ed. C Björkman, P Niemelä, pp. 154–72.Wallingford, UK: CABI

131. Paital B, Panda SK, Hati AK, Mohanty B, Mohapatra MK, et al. 2016. Longevity of animals under
reactive oxygen species stress and disease susceptibility due to global warming.World J.Biol.Chem.7:110–
27

132. Paukku S, Kotiaho JS. 2005. Cost of reproduction in Callosobruchus maculatus: effects of mating on male
longevity and the effect of male mating status on female longevity. J. Insect Physiol. 51:1220–26

133. Piper MD, Partridge L. 2007. Dietary restriction in Drosophila: delayed aging or experimental artefact?
PLOS Genet. 3:e57

134. Piper MDW, Partridge L. 2018. Drosophila as a model for ageing. Biochim. Biophys. Acta Mol. Basis Dis.
1864:2707–17

135. Promislow DEL. 1991. Senescence in natural populations of mammals: a comparative study. Evolution
45:1869–87

136. Promislow DEL. 2003. Mate choice, sexual conflict, and evolution of senescence. Behav. Genet. 33:191–
201

137. Raut G, Gaikwad S. 2016. Observations on the life cycle mating and cannibalism of Mantis religiosa
Linnaeus, 1758 (Insecta: Mantodea: Mantidae). J. Entomol. Zool. Stud. 4:478–82

138. Reed DH, Bryant EH. 2000. The evolution of senescence under curtailed life span in laboratory popu-
lations ofMusca domestica (the housefly).Heredity 85:115–21

139. Reinhardt K, Anthes N, Lange R. 2015. Copulatory wounding and traumatic insemination. Cold Spring
Harb. Perspect. Biol. 7:a017582

140. Reyes TM, Gabriel BP. 1975. The life history and consumption habits of Cyrtorhinus lividipennis Reuter
(Hemiptera: Miridae). Philipp. Ent. 3:79–88

141. Reznick DN, Bryant MJ, Roff D, Ghalambor CK, Ghalambor DE. 2004. Effect of extrinsic mortality
on the evolution of senescence in guppies.Nature 431:1095–99

142. Rodríguez-Muñoz R, Boonekamp JJ, Liu XP, Skicko I, Fisher DN, et al. 2019. Testing the effect of
early-life reproductive effort on age-related decline in a wild insect. Evolution 73:317–28

143. Rodríguez-Muñoz R, Hopwooda P, Fisher D, Skicko I, Tucker R, et al. 2019. Older males attract more
females but get fewer matings in a wild field cricket. Anim. Behav. 153:1–14

144. Rogina B, Reenan RA, Nilsen SP, Helfand SL. 2000. Extended life-span conferred by cotransporter
gene mutations in Drosophila. Science 290:2137–40

145. Rose MR. 1991. Evolutionary Biology of Aging. Oxford, UK: Oxford Univ. Press
146. Rosewell J, Shorrocks B. 1987. The implication of survival rates in natural populations of Drosophila:

capture-recapture experiments on domestic species. Biol. J. Linn. Soc. 32:373–84

www.annualreviews.org • Aging in Insects 101

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

02
2.

67
:8

3-
10

3.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
N

ew
 S

ou
th

 W
al

es
 o

n 
03

/1
6/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



147. Rueppell O, Christine S, Mulcrone C, Groves L. 2007. Aging without functional senescence in honey
bee workers. Curr. Biol. 17:R274–75

148. Scannapieco AC, Sørensen JG, Loeschcke V, Norry FM. 2007. Heat-induced hormesis in longevity of
two sibling Drosophila species. Biogerontology 8:315–25

149. Schaffner AK,Anholt BR. 1998. Influence of predator presence and prey density on behavior and growth
of damselfly larvae (Ischnura elegans) (Odonata: Zygoptera). J. Insect Behav. 11:793–809

150. Seid MA, Harris KM, Traniello JF. 2005. Age-related changes in the number and structure of synapses
in the lip region of the mushroom bodies in the ant Pheidole dentata. J. Comp. Neurol. 488:269–77

151. Sgro CM, Partridge L. 2000. Evolutionary responses of the life history of wild-caught Drosophila
melanogaster to two standard methods of laboratory culture. Am. Nat. 156:341–53

152. Shepard M,Waddill V, Kloft W. 1973. Biology of the predaceous earwig Labidura riparia (Dermaptera:
Labiduridae). Ann. Entomol. Soc. Am. 66:837–41

153. Simpson GB. 1993. Effects of temperature on the development, longevity and fecundity ofNala lividipes
(Dufour) (Dermaptera: Labiduridae). Aust. J. Entomol. 32:265–72

154. Singh K, Omkar. 2009. Effect of parental ageing on offspring developmental and survival attributes in
an aphidophagous ladybird, Cheilomenes sexmaculata. J. Appl. Entomol. 133:500–4

155. Stearns SC. 1992. The Evolution of Life Histories. Oxford, UK: Oxford Univ. Press
156. Stearns SC, Ackermann M, Doebeli M, Kaiser M. 2000. Experimental evolution of aging, growth, and

reproduction in fruitflies. PNAS 97:3309–13
157. Steigenga MJ, Hoffmann KH, Fischer K. 2006. Effects of the juvenile hormone mimic pyriproxyfen on

female reproduction and longevity in the butterfly Bicyclus anynana. Entomol. Sci. 9:269–79
158. Sun D, Guo Z, Liu Y, Zhang Y. 2017. Progress and prospects of CRISPR/Cas systems in insects and

other arthropods. Front. Physiol. 8:608
159. Sweeny BW, Vannote R. 1987. Population synchrony in mayflies: a predator satiation hypothesis.

Evolution 36:810–21
160. Takemon Y. 1993. Water intake by the adult mayfly Epeorus ikanonis (Ephemeroptera: Heptageniidae)

and its effect on their longevity. Ecol. Res. 8:185–92
161. Tamura T, Chiang A-S, Ito N, Liu H-P, Horiuchi J, et al. 2003. Aging specifically impairs amnesiac-

dependent memory in Drosophila.Neuron 40:1003–11
162. Tatar M. 1999. Transgenes in the analysis of life span and fitness. Am. Nat. 154:S67–81
163. Tatar M. 2011. The plate half-full: status of research on the mechanisms of dietary restriction in

Drosophila melanogaster. Exp.Gerontol. 46:363–68
164. Tatar M, Bartke A, Antebi A. 2003. The endocrine regulation of aging by insulin-like signals. Science

299:1346–51
165. Tatar M, Carey JR. 1995. Nutrition mediates reproductive trade-offs with age-specific mortality in the

beetle Callosobruchus maculatus. Ecology 76:2066–73
166. Tatar M,Chien SA, Priest NK. 2001.Negligible senescence during reproductive dormancy inDrosophila

melanogaster. Am. Nat. 158:248–58
167. Tatar M, Kopelman A, Epstein D, Tu MP, Yin CM, Garofalo RS. 2001. A mutant Drosophila insulin

receptor homolog that extends life-span and impairs neuroendocrine function. Science 292:107–10
168. Tatar M, Yin CM. 2001. Slow aging during insect reproductive diapause: why butterflies, grasshoppers

and flies are like worms. Exp. Gerontol. 36:723–38
169. Taylor BW, Anderson CR, Peckarsky BL. 1998. Effects of size at metamorphosis on stonefly fecundity,

longevity, and reproductive success.Oecologia 114:494–502
170. Technau G. 1984. Fiber number in the mushroom bodies of adult Drosophila melanogaster depends on

age, sex and experience. J. Neurogenet. 1:113–26
171. Tetlak A, Burnett J, Hahn D, Hatle J. 2015. Vitellogenin-RNAi and ovariectomy each increase life-

span, increase protein storage, and decrease feeding, but are not additive in grasshoppers. Biogerontology
16:761–74

172. Visscher SN, Lund R,Whitmore W. 1979. Host plant growth temperatures and insect rearing temper-
atures influence reproduction and longevity in the grasshopper,Aulocara elliotti (Orthoptera: Acrididae).
Environ. Entomol. 8:253–58

102 Promislow • Flatt • Bonduriansky

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

02
2.

67
:8

3-
10

3.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
N

ew
 S

ou
th

 W
al

es
 o

n 
03

/1
6/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



173. Williams GC. 1957. Pleiotropy, natural selection, and the evolution of senescence.Evolution 11:398–411
174. Williams PD, Day T. 2003. Antagonistic pleiotropy, mortality source interactions, and the evolutionary

theory of senescence. Evolution 57:1478–88
175. Wipfler B, Letsch H, Frandsen P, Kapli P, Mayer C, et al. 2019. Evolutionary history of Polyneoptera

and its implications for our understanding of early winged insects. PNAS 116:3024–29
176. Wylde Z, Spagopoulou F, Hooper AK, Maklakov AA, Bonduriansky R. 2019. Parental breeding age

effects on descendants’ longevity interact over 2 generations in matrilines and patrilines. PLOS Biol.
17:e3000556

177. Yamamoto R, Bai H, Dolezal A, Amdam G, Tatar M. 2013. Juvenile hormone regulation of Drosophila
aging. BMC Biol. 11:85

178. Yoon JS, Pausic Gagen K, Zhu DL. 1990. Longevity of 68 species of Drosophila. Ohio J. Sci. 90:16–32
179. Zajitschek F, Bonduriansky R, Zajitschek SRK, Brooks R. 2009. Sexual dimorphism in life history: age,

survival and reproduction in male and female field crickets Teleogryllus commodus under seminatural con-
ditions. Am. Nat. 173:792–802

180. Zajitschek F, Zajitschek S, Bonduriansky R. 2020. Senescence in wild insects: key questions and chal-
lenges. Funct. Ecol. 34:26–37

181. Zhan M, Yamaza H, Sun Y, Sinclair J, Li H, Zou S. 2007. Temporal and spatial transcriptional profiles
of aging in Drosophila melanogaster.Genome Res. 17:1236–43

182. Zhao Y,HuangG,ZhangW. 2019.Mutations inNlInR1 affect normal growth and lifespan in the brown
planthopper Nilaparvata lugens. Insect Biochem. Mol. Biol. 115:103246

183. Zhong B, Lv C, Qin W. 2016. Preliminary study on biology and feeding capacity of Chelisoches morio
(Fabricius) (Dermaptera: Chelisochidae) on Tirathaba rufivena (Walker). SpringerPlus 5:1944

184. Zhou Z-S, Guo J-Y, Chen H-S, Wan F-H. 2010. Effects of temperature on survival, development,
longevity, and fecundity of Ophraella communa (Coleoptera: Chrysomelidae), a potential biological con-
trol agent against Ambrosia artemisiifolia (Asterales: Asteraceae). Environ. Entomol. 39:1021–27

www.annualreviews.org • Aging in Insects 103

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

02
2.

67
:8

3-
10

3.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
N

ew
 S

ou
th

 W
al

es
 o

n 
03

/1
6/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



EN67_FrontMatter ARjats.cls November 9, 2021 16:21

Annual Review
of Entomology

Volume 67, 2022
Contents

Pest Biological Control: Goals Throughout My Life
Liying Li � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

Remembrances of a Honey Bee Biologist
Thomas D. Seeley � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �13

Exotic Ants of the Asia-Pacific: Invasion, National Response, and
Ongoing Needs
Yijuan Xu, Edward L. Vargo, Kazuki Tsuji, and Ross Wylie � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �27

Biology, Ecology, and Management of the Invasive Longlegged Ant,
Anoplolepis gracilipes
Chow-Yang Lee and Chin-Cheng Scotty Yang � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �43

The Ecological Significance of Aphid Cornicles and Their Secretions
J.P. Michaud � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �65

The Biology of Aging in Insects: From Drosophila to Other Insects and
Back
Daniel E.L. Promislow, Thomas Flatt, and Russell Bonduriansky � � � � � � � � � � � � � � � � � � � � � � � � � �83

The Role of Cytochrome P450s in Insect Toxicology and Resistance
Ralf Nauen, Chris Bass, René Feyereisen, and John Vontas � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 105

The Molecular Physiology and Toxicology of Inward Rectifier Potassium
Channels in Insects
Peter M. Piermarini, Jerod S. Denton, and Daniel R. Swale � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 125

The Ecology of Hyperparasitoids
Erik H. Poelman, Antonino Cusumano, and Jetske G. de Boer � � � � � � � � � � � � � � � � � � � � � � � � � � � 143

Sequestration of Plant Defense Compounds by Insects: From
Mechanisms to Insect–Plant Coevolution
Franziska Beran and Georg Petschenka � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 163

Impact of Stand and Landscape Management on Forest Pest Damage
Lorenzo Marini, Matthew P. Ayres, and Hervé Jactel � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 181

Beetle–Bacterial Symbioses: Endless Forms Most Functional
Hassan Salem and Martin Kaltenpoth � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 201

vii

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

02
2.

67
:8

3-
10

3.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
N

ew
 S

ou
th

 W
al

es
 o

n 
03

/1
6/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



EN67_FrontMatter ARjats.cls November 9, 2021 16:21

Vine Weevil,Otiorhynchus sulcatus (Coleoptera: Curculionidae),
Management: Current State and Future Perspectives
Tom W. Pope and Joe M. Roberts � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 221

Bottom-Up Forces in Agroecosystems and Their Potential Impact on
Arthropod Pest Management
Peng Han, Anne-Violette Lavoir, Cesar Rodriguez-Saona, and Nicolas Desneux � � � � � � � 239

Neuroecology of Alcohol Preference in Drosophila
Ian W. Keesey and Bill S. Hansson � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 261

Wax,Wings, and Swarms: Insects and Their Products as Art Media
Barrett Anthony Klein � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 281

Extrinsic Inter- and Intraspecific Competition in Parasitoid Wasps
Paul J. Ode, Dhaval K. Vyas, and Jeffrey A. Harvey � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 305

Defensive Symbionts and the Evolution of Parasitoid Host Specialization
Christoph Vorburger � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 329

Tribolium castaneum: A Model Insect for Fundamental and Applied
Research
James F. Campbell, Christos G. Athanassiou, David W. Hagstrum,
and Kun Yan Zhu � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 347

On the Biological Diversity of Ant Alkaloids
Eduardo Gonçalves Paterson Fox and Rachelle M.M. Adams � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 367

Determinants of Insecticide Resistance Evolution: Comparative Analysis
Among Heliothines
T.K. Walsh, D.G. Heckel, Yidong Wu, S. Downes, K.H.J. Gordon,
and J.G. Oakeshott � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 387

Defense in Social Insects: Diversity, Division of Labor, and Evolution
Patrick Abbot � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 407

The Role of Community Science in Entomology
Mary M. Gardiner and Helen E. Roy � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 437

Advances in the Evolution and Ecology of 13- and 17-Year Periodical
Cicadas
Chris Simon, John R. Cooley, Richard Karban, and Teiji Sota � � � � � � � � � � � � � � � � � � � � � � � � � � � � 457

Errata

An online log of corrections to Annual Review of Entomology articles may be found at
http://www.annualreviews.org/errata/ento

viii Contents

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

02
2.

67
:8

3-
10

3.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
N

ew
 S

ou
th

 W
al

es
 o

n 
03

/1
6/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 


