& frontiers | Frontiers in Genetics

HYPOTHESIS AND THEORY
published: 09 June 2022
doi: 10.3389/fgene.2022.880343

OPEN ACCESS

Edited by:

Jenny C. Regan,
University of Edinburgh,
United Kingdom

Reviewed by:

Diddahally Govindaraju,

Albert Einstein College of Medicine,
United States

Craig Walling,

University of Edinburgh,

United Kingdom

*Correspondence:
David Gems
david.gems@ucl.ac.uk

Specialty section:

This article was submitted to
Genetics of Aging,

a section of the journal
Frontiers in Genetics

Received: 21 February 2022
Accepted: 11 May 2022
Published: 09 June 2022

Citation:

Kern CC and Gems D (2022)
Semelparous Death as one Element of
Iteroparous Aging Gone Large.

Front. Genet. 13:880343.

doi: 10.3389/fgene.2022.880343

Check for
updates

Semelparous Death as one Element of
Ilteroparous Aging Gone Large

Carina C. Kern and David Gems *

Institute of Healthy Ageing, Research Department of Genetics, Evolution and Environment, University College London, London,
United Kingdom

The aging process in semelparous and iteroparous species is different, but how
different? Death in semelparous organisms (e.g., Pacific salmon) results from
suicidal reproductive effort (reproductive death). Aging (senescence) in iteroparous
organisms such as humans is often viewed as a quite different process. Recent findings
suggest that the nematode Caenorhabditis elegans, widely used to study aging,
undergoes reproductive death. In post-reproductive C. elegans hermaphrodites,
intestinal biomass is repurposed to produce yolk which when vented serves as a
milk to support larval growth. This apparent benefit of lactation comes at the cost of
intestinal atrophy in the mother. Germline removal and inhibition of insulin/IGF-1
signaling (IIS) suppress C. elegans reproductive pathology and greatly increase
lifespan. Blocking sexual maturity, e.g., by gonadectomy, suppresses reproductive
death thereby strongly increasing lifespan in semelparous organisms, but typically has
little effect on lifespan in iteroparous ones. Similarly, reduced IIS causes relatively
modest increases in lifespan in iteroparous organisms. We argue that the more
regulated and plastic mechanisms of senescence in semelparous organisms,
involving costly resource reallocation under endocrine control, exist as one extreme
of an etiological continuum with mechanisms operative in iteroparous organisms. We
suggest that reproductive death evolved by exaggeration of mechanisms operative in
iteroparous species, where other mechanisms also promote senescence. Thus,
knowledge of C. elegans senescence can guide understanding of mechanisms
contributing to human aging.

Keywords: aging, biomass repurposing, C. elegans, insulin/IGF-1 signaling, programmatic aging, reproductive
death, semelparity, senescent pathology

INTRODUCTION

The study of the biology of aging takes place in two largely separate worlds. The first is that of
biogerontology, where aging is studied in its entirety. The second is the much larger field of research
on the many individual diseases of aging (such as cardiovascular disease, cancer, chronic obstructive
pulmonary disease and Alzheimer’s disease). These two worlds are currently somewhat at odds with
each other. After all, does it really make sense to study aging as a whole, given that diseases of aging
are extremely diverse and vary greatly in terms of whether and when they present in different
individuals? Can one in any meaningful sense define an aging process that underlies this disease
multiplicity and variation? Is it not more plausible that many distinct diseases and pathologies
develop in a time-dependent fashion (Peto and Doll, 1997)? Perhaps the strongest argument for
studying aging as a whole is the existence of plasticity in overall aging rate. This manifests as
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evolutionary plasticity, evident from the large differences in
lifespan between species (Finch, 1990a), and experimentally-
induced alteration in aging rate in laboratory model organisms.

Aging rate varies greatly across species, from organisms in
which aging is undetectable, such as the freshwater polyp Hydra
vulgaris (Martinez, 1998; Schaible et al., 2015), and the sponge
Monorhaphis chuni which can live at least 11,000 years (Jochum
et al,, 2012), to mayflies where adults die within days or even
hours of eclosion. Particularly striking are the large differences
seen between species that are anatomically similar. For example,
free-living nematodes of the species Caenorhabditis elegans die of
old age after only 2-3 weeks while the parasitic nematode Loa loa
can live for up to 21 years (Klass, 1977; Richardson et al., 2012).
Major differences are seen between even very closely related
species, such as the common chimpanzee Pan troglodytes and
our own species, with maximum lifespans of 68 and 122 years
(Robine and Allard, 1998; Havercamp et al., 2019). In some cases
single species possess different adult forms that age at different
rates: in the nematode Strongyloides ratti, free-living adult
females have a maximum lifespan of 5days while
karyotypically equivalent parasitic females can live for up to
403 days, an 80-fold difference in lifespan (Gardner et al,
2006). From this striking biodiversity in aging rate it can be
deduced not only that aging rate is largely specified by the wild-
type genome, but also that it can evolve rapidly. This aging
process whose rate exhibits such a high degree of evolutionary
plasticity includes the determinants of the panoply of diseases
of aging.

The other kind of plasticity, that seen in laboratory model
organisms in response to specific interventions, has been a major
focus of experimental research in biogerontology. This includes
two interventions in particular. Dietary (or caloric) restriction
(DR) is the controlled reduction in food availability, discovered
over a century ago to extend lifespan and improve late-life health
in laboratory rodents (Osborne et al., 1917; Masoro, 2005).
Studies of long-lived mutants led to the discovery of an
endocrine and cellular signalling network which in the wild
type shortens lifespan. This includes growth hormone (GH),
the insulin/IGF-1 signalling (IIS) pathway and the target of
rapamycin (mTOR) pathway (Kapahi et al, 2010; Kenyon,
2010; Bartke, 2019). An important objective of research on DR
and GH/IIS/mTOR is to understand the proximate mechanisms
of aging itself that such interventions act upon, and which remain
poorly understood. This would help to understand etiologies of
diseases of aging.

Research on the evolutionary (ultimate) and mechanistic
(proximate) causes of aging are mutually informative, and
development of an integrated, ultimate-proximate
understanding is another major objective in research on
aging. The well-established evolutionary theory of aging has
informed the development of hypotheses about mechanistic
theories of aging (Kirkwood and Holliday, 1979; Flatt and
Schmidt, 2009; Maklakov and Chapman, 2019). Conversely,
discovering determinants of aging in model organisms can
provide understanding of the genes and cellular mechanisms
involved in lifespan evolution, the so called evo-gero
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(evolutionary gerontology) approach (Partridge and Gems,
2006).

Here we discuss the possible mechanistic basis of the
exceptional plasticity in aging seen in the nematode C. elegans,
drawing on recent advances. This plasticity raises a number of
questions relating to the comparative biology of aging. Could
plasticity of this type exist in humans? Could intervention in it be
achieved to protect against diseases of aging? What is the
relationship between evolutionary plasticity in aging, and the
lifespan plasticity observed in model organisms? And, can the
mechanisms of lifespan plasticity in model organisms explain the
evolution of species differences in lifespan? We describe how,
after exploring a series of experimental blind alleys and
inadequate hypotheses, we arrived at new, tentative answers to
these questions. These draw in particular on the evolutionary
relationship between aging in iteroparous and semelparous
organisms.

IDENTIFYING PROXIMATE MECHANISMS
OF AGING: STOCHASTIC OR
PROGRAMMATIC?

In C. elegans, single gene mutations reducing IIS can cause up to
10-fold increases in lifespan (Ayyadevara et al., 2008). Given the
experimental tractability of C. elegans, the prospects for
identifying the processes of aging itself through which IIS acts
initially appeared very good. However, they have proven to be
surprisingly difficult to discover. Initial attempts in the 1990s
tested the then fashionable theory that stochastic (random)
oxidative damage is the main cause of aging (Honda and
Honda, 1999; Vanfleteren, 1993) (Figure 1A); however, it now
appears unlikely that reactive oxygen species (ROS) are a major
primary cause of aging, and certainly not in C. elegans (Gems and
Doonan, 2009; Shields et al., 2021). Further attempts drew on a
conception of aging as caused by a broad spectrum of chemicals
causing diverse forms of molecular damage (Pletcher et al., 2007;
Shore and Ruvkun, 2013). This included a focus on the phase 1,
phase 2 biotransformation (drug metabolism) system which is
upregulated in a number of long-lived mutants (Amador-Noguez
et al., 2004; Gems and McElwee, 2005; Amador-Noguez et al.,
2007; McElwee et al., 2007). However, although there is some
evidence that drug metabolizing enzymes (DMEs) can promote
C. elegans longevity (Ayyadevara et al., 2005a; Ayyadevara et al.,
2005b), their importance in aging remains uncertain, particularly
since upregulation of DMEs in long-lived mutants can in some
cases be dissociated from longevity, in C. elegans (Guerrero et al.,
2021) and Drosophila (Afschar et al,, 2016). A third line of
investigation pursued the possibility that aging is promoted by
a progressive loss of protein folding homeostasis. While there is
clear evidence that reduced IIS and reduced germline signaling
can protect against such decline (Walker et al., 2001; Lithgow and
Walker, 2002; Hsu et al., 2003; Labbadia and Morimoto, 2015) the
mechanisms that cause such decline remain unclear, and appear
more programmatic than stochastic (Ben-Zvi et al, 2009
Labbadia and Morimoto, 2014).
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FIGURE 1 | Programmatic mechanisms of aging are a cause of senescent pathology in C. elegans. (A) Stochastic and programmatic models of aging. These are

not mutually exclusive, and are elements of a wider, multifactorial aging process (Gems, 2022). (B) Quasi-programs promote distal gonad atrophy and uterine tumor
development. Futile run-on of physiological apoptosis promotes distal gonad atrophy and fragmentation (de la Guardia et al., 2016), along with depletion of the germline
stem and progenitor cell pools (Tolkin and Hubbard, 2021). An embryogenetic quasi-program causes unfertilized oocytes to develop into teratoma-like uterine
tumors (Wang et al., 2018). Blue, distal gonad. Red, uterine tumor. (C) Intestinal biomass repurposing supports yolk synthesis (vitellogenesis), whose seemingly futile
run-on leads to intestinal atrophy (Ezcurra et al., 2018). Violet, intestine. Yellow, yolk pools in body cavity. (D) Intestinal atrophy as a cost of lactation. The recent
demonstration that yolk is vented, and of promotion of larval growth by vented yolk, implies that later yolk production is not futile run-on, and that gut atrophy is a cost of

The apparent inadequacy of traditional, molecular damage
theories to explain IIS effects on C. elegans led us to explore
alternative, programmatic theories of aging (de Magalhdes and
Church, 2005; Blagosklonny, 2006; Gems and de la Guardia,
2013; Maklakov and Chapman, 2019), reviewed in Gems (2022).
A starting point for such theories is the finding that many
pathways found to influence aging (e.g., GH, IGF-1, mTOR)
also promote growth and development. This suggests that
senescent pathophysiology includes developmental processes.
One possibility is that complex biological programs that
promote fitness in early life run on in a futile fashion in later
life, causing pathology (de Magalhdes and Church, 2005;
Blagosklonny, 2006). This hypothesis is in line with the
evolutionary principle of antagonistic pleiotropy. Here natural
selection can favor a new, pleiotropic allele which promotes early
life fitness but causes later pathology, through late-life, harmful
action of wild-type genes (Williams, 1957). This is because gene
effects earlier in life have a greater impact on fitness (Medawar,
1952). According to the new theory, early life programs
promoting fitness subsequently become futile quasi-programs;
here the quasi-prefix refers to the fact that they are programmed

in the mechanistic but not the adaptive sense (Blagosklonny,
2006). Thus, aging (or, at least, aging as promoted by growth
pathways) is not programmed, but it can be said to be
programmatic (Figure 1A).

There is evidence that quasi-programs contribute significantly
to the development of multiple senescent pathologies in C. elegans
(Gems and de la Guardia, 2013). These include gonad atrophy
and fragmentation (de la Guardia et al., 2016), and uterine tumor
development (Wang et al., 2018) (Figure 1B). One example of the
mechanisms  concerned involves yolk production in
hermaphrodites; note that C. elegans reproduce largely as self-
fertilizing hermaphrodites, and when sperm stocks are depleted
on around day 4 of adulthood, reproduction ceases (Ward and
Carrel, 1979). In post-reproductive hermaphrodites, yolk
production by the intestine continues in post-reproductive
adults in a seemingly futile fashion (Herndon et al, 2002;
Depina et al., 2011). Such yolk production is provisioned by
autophagy-mediated consumption of intestinal biomass, which
leads to intestinal atrophy and formation of oily yolk pools in the
body cavity (Garigan et al., 2002; Ezcurra et al., 2018; Sornda
et al,, 2019). This process is promoted by IIS, which activates

Frontiers in Genetics | www.frontiersin.org

June 2022 | Volume 13 | Article 880343


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Kern and Gems

vitellogenin (yolk protein) synthesis, and is suppressed in long-
lived IIS mutants (Murphy et al, 2003; Depina et al, 2011;
Ezcurra et al,, 2018) (Figure 1C).

NEMATODE LACTATION: A COSTLY
PROGRAM

For a while, we believed that we might in some sense have gotten
to the bottom of things: wild-type IIS appeared to accelerate
aging, at least in part, by promoting a vitellogenic quasi-program.
However, our more recent findings imply that this was still not
correct. We recently described how post-reproductive C. elegans
vent yolk through the vulva, and that such yolk can be consumed
by larvae, promoting their growth (Kern et al., 2021). This implies
that vented yolk serves a function similar to milk (yolk milk),
though whether this behavior really promotes fitness in the wild
remains to be demonstrated. Milk feeding is occasionally seen in
invertebrates, as in the Pacific beetle cockroach and the tsetse fly
(Marchal et al., 2013; Benoit et al., 2015). Thus, post-reproductive
yolk synthesis is not futile after all. What IIS is promoting is not a
futile vitellogenic quasi-program but a fitness-promoting
lactational program. The oily, vitellogenin-rich pools
accumulating in older mothers are not a steatotic pathology
but depots of yolk milk awaiting delivery to the hungry
mouths of larvae. The intestinal atrophy is not the
consequence of a quasi-program, but instead a cost of
lactation (Figure 1D).

Based on these results, one can elaborate upon and extend the
existing programmatic theory of aging. First, these findings do
not argue against the role of quasi-programs in C. elegans aging.
The development of teratoma-like uterine tumors is, seemingly, a
consequence of action of embryogenetic quasi-programs in
unfertilized oocytes (Wang et al., 2018). By contrast, intestinal
atrophy is promoted by a different class of pathogenic program,
which have been dubbed costly programs (Gems et al., 2021).

The programmatic theory emphasizes the importance in aging
of gene action as opposed to the passive process of damage
accumulation - what has been referred to as hyperfunction
(Blagosklonny, 2008). We previously proposed that post-
reproductive yolk production represents a quasi-program
resulting from IIS hyperfunction (Ezcurra et al., 2018). But if
instead a costly lactational program is operative, does that rule
out a role for hyperfunction? We argue not, but instead that the
lactational program is hyperfunctional with respect to intestinal
health but not yolk milk production (Gems et al, 2021).
According to this account, in costly programs, hyperfunction
exists with respect to the organ that suffers the cost (Figures
1D, 3A).

C. ELEGANS IS SEMELPAROUS:
REPRODUCTIVE DEATH AND ADAPTIVE
DEATH

How likely is it that costly programs as exemplified by C. elegans
lactation contribute to the pathophysiology of diseases of

A Semelparity-lteroparity Aging Continuum

iteroparous organisms such as humans? Atrophy of multiple
organs due to costly programs involving bulk biomass
repurposing is not typical of mammalian aging. However, it
often occurs in species of animals and plants that exhibit
suicidal reproductive effort. Based on their life history,
metazoa can be approximately divided into iteroparous species
with the capacity for multiple rounds of reproduction, and
semelparous species that reproduce Semelparous
organisms exhibiting terminal reproductive effort leading to
death (or reproductive death) include a few vertebrates, mainly
among fish, such as Pacific salmon, lampreys and eels, and many
plants (monocarpy) (Finch, 1990b). Such terminal reproductive
effort often involves somatic biomass repurposing, where tissues
and organs are consumed to provide material for reproductive
effort (Gems et al., 2021). For example, in Pacific salmon body
wall muscle is consumed for energy for swimming up river and
growth of secondary sexual characteristics such as the hump and
beak (Robertson et al., 1961; Finch, 1990b; Quinn and Foote,
1994). In many monocarpic plants somatic tissues throughout the
organism are consumed to provide resources for seeds; for
example, 90% of nitrogen in rice grains are derived from
breakdown of somatic tissues (Diaz-Mendoza et al., 2016).

This raises the possibility that C. elegans is a semelparous
species, undergoing reproductive death. In fact, many features of
C. elegans aging are consistent with this view. For example, in
iteroparous species such as humans, aging-related diseases
accumulate towards the end of life after an extended period of
healthy adulthood. By contrast, in adult C. elegans
hermaphrodites senescent decline begins within hours of
sexual maturity (Labbadia and Morimoto, 2015), and major
pathological changes in internal anatomy develop in relative
synchrony (Garigan et al., 2002; McGee et al, 2011; McGee
et al., 2012; de la Guardia et al.,, 2016; Ezcurra et al., 2018;
Wang et al., 2018). Reproductive death is traditionally viewed
as a phenomenon distinct from aging as seen in iteroparous
species, as is the clearly programmatic process of leaf senescence
in deciduous plants (Finch, 1990b).

If reproductive death is blocked by gonadectomy or behavioral
manipulation there results, unsurprisingly, a large increase in
lifespan. This has been demonstrated in a range of semelparous
species, both animals and plants (Gems et al., 2021) (Figure 2).
For example, gonadectomy of Pacific salmon prevents
reproductive death, leading to extension of lifespan of up to
3.7 years (+77%) (Robertson, 1961). This suggests a possible
parallel with the effects of germline ablation in C. elegans,
which causes a large increase lifespan (+64%) (Hsin and
Kenyon, 1999) and suppresses senescent pathology, including
intestinal atrophy (Ezcurra et al., 2018). Does germline ablation
increase C. elegans lifespan by suppressing reproductive death?

We recently explored this by a comparative analysis of
Caenorhabditis species. We reasoned that lactation might have
evolved in C. elegans as a means to overcome the inbuilt
reproductive ~ redundancy = caused by  protandrous
hermaphroditism (the C. elegans hermaphrodite germline
produces first sperm and then oocytes, which limits self-sperm
number and therefore reproductive span). Somatic biomass
repurposing to support yolk milk production allows post-

once.
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FIGURE 2 | Blocking reproductive death in semelparous species strongly increases lifespan, while gonadectomy in iteroparous species overall does not. Effects on
lifespan of germline ablation in hermaphrodite but not female nematodes of several species resemble effects of blocking reproductive death in semelparous species (Kern
etal., 2021). Values for nematodes from a recent report (Kern et al., 2021), and for other species from a recent review (Gems et al., 2021); where there are multiple studies
of the same species, only references with both male and female data are included, and for A. anguila (eel) data from the more recent source (Tesch, 1977).

reproductive hermaphrodites to continue to express fitness
benefits. This predicts that Caenorhabditis females will neither
lactate or show lactation-associated pathologies. Comparison of
three Caenorhabditis sibling species pairs, each with one
androdioecious (hermaphrodites, males) and one gonochoristic
(females, males) species showed lactation in hermaphrodites but
not females in each case. Importantly, germline ablation strongly
increased hermaphrodite lifespan but not female lifespan in all
three species pairs (Kern et al., 2020) (Figure 2). This supports
the view that germline ablation increases C. elegans lifespan by
suppressing reproductive death.

It is also plausible that an additional form of programmatic
life-shorting mechanism is operative in C. elegans: adaptive death.
This has been reviewed previously (Galimov et al., 2019; Lohr
et al, 2019) but, briefly, adaptive death is a relatively rare
phenomenon restricted to species with a colonial lifestyle
(viscous populations of closely related individuals), where
colony level selection can occur. Here death of individuals can
increase colony fitness in a manner analogous to action of
apoptosis of cells within multicellular organisms. Evolutionary
theory predicts that adaptive death can more readily evolve in
semelparous organisms because evolved mechanisms that hasten
death after reproduction will not reduce individual fitness. For
example, there is evidence that adaptive death occurs in Pacific
salmon, where nutrients from carcasses support growth of fish fry
(Cederholm et al., 1999; Galimov and Gems, 2021).

GOOD NEWS: AN ITEROPARITY
SEMELPARITY CONTINUUM

The occurrence of lactation coupled to reproductive death and
adaptive death in C. elegans provide a potential explanation for

the evolved, highly life-shortening effects of the wild-type
germline and wild-type IIS, which have remained an enigma
since their discovery (Partridge and Harvey, 1993). However, if C.
elegans lifespan is a function of reproductive death but human
lifespan is not, and if reproductive death is a process distinct from
aging then C. elegans is, on the face of it, an unhappy choice as a
model organism to study aging. Do these findings sound the
death knell for C. elegans aging research? Is this a disaster for
biogerontology? We believe not. However, our conclusions,
assuming they are correct, do warrant a shift in understanding
of C. elegans lifespan and its relevance to aging in iteroparous
species, in two respects, one bad and one good.

First the bad news. The extraordinary finding some 30 years
ago that single gene mutations can greatly increase C. elegans
lifespan (Friedman and Johnson, 1988; Kenyon et al, 1993)
suggested that some central aging process exists that
determines all late-life disease and is amenable to major
intervention. The mystery of this process in C. elegans has
inspired generations of biogerontologists. Our conclusions, if
correct, demystify this effect, and explain it away as
suppression of reproductive death, akin to that in castrated
salmon. The implied prospect of applying knowledge from C.
elegans to radically extend human lifespan consequently fades,
dispelled like a desert mirage.

Next, a more positive perspective. Wild-type growth control
pathways do shorten lifespan in iteroparous organisms, although
to a much smaller degree (in relative terms) to C. elegans
(Ayyadevara et al, 2008; Slack et al, 2011; Foukas et al,
2013). This could imply that mechanisms that cause rapid
death in semelparous organisms are a minor contributory
factor in iteroparous aging. We have postulated that
mechanisms of reproductive death evolve by amplification of
costly reproductive programs that are present in iteroparous
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FIGURE 3 | The relationship between aging in semelparous and iteroparous organisms. (A) Aging in semelparous and iteroparous organisms lie on a single
etiological spectrum. Semelparity evolves from iteroparity, including amplification of costly programs present in the latter. These change from being mild and reversible, to
severe and terminal. (B) Regulated vs. non-regulated aging. Levels of phenotypic plasticity in aging vary greatly between organisms, being greatest in semelparous
organisms, and smallest in long-lived iteroparous organisms. The plastic component of aging is regulated and highly programmatic. If such regulated aging is
suppressed, more diverse mechanisms of aging may become life limiting, including other modes of antagonistic pleiotropy (AP), stochastic molecular damage (e.g., DNA
damage), and mechanical senescence. Semelparous organisms shown are C. elegans, Pacific saimon (Oncorhynchus nerka), and the brown antechinus (Antechinus

stuartii), a marsupial.

organisms. However, in iteroparous such
programmatic etiologies may act in concert with other classes
of senescent etiology (Gems et al., 2021). Similar neuroendocrine
and steroid hormone signaling networks control growth,
reproduction and lifespan in semelparous and iteroparous
organisms (Gems et al., 2021), consistent with the costly
program amplification hypothesis; whether amplified GH/IIS/
mTOR signalling in particular drives reproductive death in
semelparous higher animals (e.g., Pacific salmon, marsupial
mice) remains unexplored.

Moreover, while in semelparous organisms such costs are
terminal, promoting death, in iteroparous organisms they are
often reversible. For example, during mammalian lactation
consumption of bone occurs to effect calcium repurposing for
milk production (Speakman, 2008). This leads to transient

organisms,

osteoporosis which is reversed after lactation by bone regrowth.
By contrast, intestinal atrophy coupled to yolk milk production in
C. elegans is irreversible (Figure 3A). This suggests that effects of
growth control pathways (GH/IIS/mTOR) on aging may act to a
large extent through programmatic mechanisms (e.g., costly
programs, quasi-programs) which constitute one element of the
aging process, and one that is particularly plastic. According to this
view, semelparous organisms (such as C. elegans) die from a subset
of mechanisms of iteroparous aging that have grown large. This
makes them a convenient model for studying one component of
the intractably multifactorial process of iteroparous aging. Thus,
aging in semelparous and iteroparous organisms are not wholly
different processes; this is consistent with the observed cross-
species continuum between semelparity and iteroparity (Hughes,
2017).
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REGULATED VS. NON-REGULATED AGING

The semelparity-iteroparity continuum model has further
consequences in terms of reconceiving the nature of aging. If C.
elegans, a semelparous organism in which aging is highly
programmatic, is a good model organism for learning about
human aging, then so are other semelparous organisms,
including monocarpic plants. Mechanisms of biomass
repurposing coupled to somatic senescence are particularly well
characterised in plants (Young and Augspurger, 1991; Davies and
Gan, 2012; Avila-Ospina et al., 2014). Arguably, more experts on
plant senescence should be invited to biogerontology conferences.

It also suggests a new perspective on the significance of
phenotypic plasticity in aging. In Robertson’s classic salmon
gonadectomy study, reproductive death was replaced by
senescence of a kind more typical of iteroparous species (though
involving some similar pathological changes) (Robertson and
Wexler, 1962). This illustrates a general feature of senescence: if
one life-limiting cause of senescence is alleviated (e.g., hypertension
leading to cardiovascular disease) another will take its place (e.g.,
cancer or dementia). It has been argued that growth control
pathways (GH/IIS/mTOR) exert effects on lifespan largely
through programmatic mechanisms (de Magalhdes and Church,
2005; Blagosklonny, 2006), in both semelparous and iteroparous
organisms (Gems et al., 2021). This suggests that across the
semelparity-iteroparity spectrum one can distinguish two
distinct elements of aging: that which is regulated and plastic,
and that which is non-regulated and non-plastic (Figure 3B).
Plausibly, non-regulated aging is caused by various broad classes
of etiology, including those previously proposed: molecular damage
(particularly DNA damage), mechanical senescence and,
particularly, diverse modes of wild-type gene action, including
AP of many genes with small effects (Figure 3B) (Williams, 1957;
Vijg and Suh, 2013; Gems, 2022).

PERSPECTIVES

Biogerontology lacks the broad, shared understanding (paradigms)
of more mature fields of science such as chemistry or genetics
(Gems and de Magalhaes, 2021). Here we have groped towards a
general understanding from the parochial perspective of C. elegans
aging biology. We opened our essay by emphasizing the
importance to biogerontology as a field of the existence of
plasticity in the aging process as a whole. But then we end by
arguing that regulated phenotypic plasticity in lifespan reflects one
element of aging rather than senescence in its entirety.

In terms of the evolution of diversity in aging rate, we have
presented an evo-gero type account, in which programmatic
mechanisms in iteroparous species, for example costly
programs, evolve into more destructive, life-shortening forms.
We have suggested that something like this has occurred in the
evolution of hermaphroditism in the nematode genus
Caenorhabditis (and also Pristionchus) (Kern et al, 2020).
However, our reasoning that such phenotypic plasticity does
not involve the whole aging process suggests that mechanisms
of regulated aging play only a small role in the much greater

A Semelparity-lteroparity Aging Continuum

evolutionary plasticity in aging. In these arguments we can see the
evo-gero approach (Partridge and Gems, 2006) contributing to
our understanding of the evolution of aging.

Of considerable interest is the natural diversity in regulated
aging, and the extent to which regulated aging occurs in higher
animals, particularly humans. In discussing the latter, it is helpful
to distinguish two different forms of plasticity in aging. First,
positive plasticity, that which leads to decelerated aging and
increased lifespan, relative to the wild type on a controlled
diet that is optimal for fertility. Second, negative plasticity, that
which accelerates aging, as in the response to high food intake
(e.g., leading to harmfully high BMI in humans) (Blagosklonny,
2011; Horvath et al.,, 2014; Aune et al., 2016; Salvestrini et al.,
2019). Negative plasticity is distinct from life-shortening effects of
toxic food components, though distinguishing the two can be
difficult (Piper and Partridge, 2007).

In rodents, mutant and dietary restriction studies have shown the
existence of both positive and negative plasticity. By contrast, in
humans, while aging can be strongly accelerated, as in individuals
with progeroid syndromes and with high BMI, at most only modest
deceleration has been detected (Zhang et al., 2020). No markedly
long-lived human mutants have ever been found; it now seems
possible that one uniquely long-lived individual, Jeanne Calment
(died aged 122) was an imposter (her daughter Yvonne, who might
have switched identity with her late mother to avoid inheritance tax)
(Zak, 2019; Collins, 2020). GH receptor-defective mice show striking
increases in lifespan (Coschigano et al., 2000), but the same defect in
humans does not extend lifespan, though it does provide some
health benefits (Guevara-Aguirre et al., 2011; Aguiar-Oliveira and
Bartke, 2019). While DR is clearly beneficial in reducing harmfully
high BM], results of studies in both humans and rhesus macaques
have not clearly demonstrated positive plasticity effects (Mattison
et al, 2012; Mattison et al.,, 2017; Most et al., 2017). A marked
extension of lifespan by DR has been seen in one primate, the mouse
lemur (Pifferi et al., 2018), which may reflect either positive plasticity
or a toxic food rescue effect. Thus, arguably, at present the best
prospects for applying our understanding of mechanisms of
plasticity to benefit human health are to combat the harmful
effects of negative plasticity, which are a major cause of late-life
disease (Blagosklonny, 2011; Aune et al., 2016).

In conclusion, the new ideas and findings described in this essay
suggest that the prospect of applying the magic of C. elegans
plasticity in aging to dramatically decelerate human aging was,
regrettably, just a beautiful dream. This arose due to the false
assumption that C. elegans lifespan is a function of a universal
aging process, rather than of semelparous reproductive and adaptive
death (Lohr et al., 2019; Gems et al., 2021). But the new perspectives
provided should help us to wake up to a possibility that is just as
exciting: that of a mature understanding of the aging process, and
the deep insights into the causes of diseases of aging that it will bring.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article, further inquiries can be directed to the corresponding
author.

Frontiers in Genetics | www.frontiersin.org

June 2022 | Volume 13 | Article 880343


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Kern and Gems

AUTHOR CONTRIBUTIONS

CK and DG wrote the manuscript and prepared the figures.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by a Wellcome Trust Investigator
Award (215574/Z/19/Z). For the purpose of Open Access, the
author has applied a CC BY public copyright license to any

REFERENCES

Afschar, S., Toivonen, J. M., Hoffmann, J. M., Tain, L. S., Wieser, D., Finlayson, A.
J., et al. (2016). Nuclear Hormone Receptor DHR96 Mediates the Resistance to
Xenobiotics but Not the Increased Lifespan of Insulin-Mutant Drosophila.
Proc. Natl. Acad. Sci. U. S. A. 113, 1321-1326. doi:10.1073/pnas.1515137113

Aguiar-Oliveira, M. H., and Bartke, A. (2019). Growth Hormone Deficiency:
Health and Longevity. Endocr. Rev. 40, 575-601. doi:10.1210/er.2018-00216

Amador-Noguez, D., Dean, A., Huang, W., Setchell, K., Moore, D., and Darlington,
G. (2007). Alterations in Xenobiotic Metabolism in the Long-Lived Little Mice.
Aging Cell 6, 453-470. doi:10.1111/j.1474-9726.2007.00300.x

Amador-Noguez, D., Yagi, K,, Venable, S., and Darlington, G. (2004). Gene
Expression Profile of Long-Lived Ames Dwarf Mice and Little Mice. Aging
Cell 3, 423-441. doi:10.1111/j.1474-9728.2004.00125.x

Aune, D, Sen, A., Prasad, M., Norat, T., Janszky, I, Tonstad, S., et al. (2016). BMI
and All Cause Mortality: Systematic Review and Non-linear Dose-Response
Meta-Analysis of 230 Cohort Studies with 3.74 Million Deaths Among 30.3
Million Participants. BMJ 353, i2156. doi:10.1136/bmj.i2156

Avila-Ospina, L., Moison, M., Yoshimoto, K., and Masclaux-Daubresse, C. (2014).
Autophagy, Plant Senescence, and Nutrient Recycling. J. Exp. Bot. 65,
3799-3811. doi:10.1093/jxb/eru039

Ayyadevara, S., Alla, R., Thaden, J. J., and Shmookler Reis, R. J. (2008). Remarkable
Longevity and Stress Resistance of Nematode PI3K-Null Mutants. Aging Cell 7,
13-22. doi:10.1111/j.1474-9726.2007.00348 x

Ayyadevara, S., Dandapat, A., Singh, S. P., Benes, H., Zimniak, L., Reis, R.]. S., et al.
(2005a). Lifespan Extension in Hypomorphic Daf-2 Mutants of Caenorhabditis
elegans Is Partially Mediated by Glutathione Transferase CeGSTP2-2. Aging
Cell 4, 299-307. doi:10.1111/j.1474-9726.2005.00172.x

Ayyadevara, S., Engle, M. R,, Singh, S. P., Dandapat, A., Lichti, C. F., Benes, H., et al.
(2005b). Lifespan and Stress Resistance of Caenorhabditis elegans Are Increased
by Expression of Glutathione Transferases Capable of Metabolizing the Lipid
Peroxidation Product 4-hydroxynonenal. Aging Cell 4, 257-271. doi:10.1111/j.
1474-9726.2005.00168.x

Bartke, A. (2019). Growth Hormone and Aging: Updated Review. World J. Mens.
Health 37, 19-30. doi:10.5534/wjmh.180018

Ben-Zvi, A., Miller, E. A., and Morimoto, R. I. (2009). Collapse of Proteostasis
Represents an Early Molecular Event in Caenorhabditis elegans Aging.
Proc. Natl. Acad. Sci. U. S. A. 106, 14914-14919. doi:10.1073/pnas.
0902882106

Benoit, J. B., Attardo, G. M., Baumann, A. A., Michalkova, V., and Aksoy, S. (2015).
Adenotrophic Viviparity in Tsetse Flies: Potential for Population Control and
as an Insect Model for Lactation. Annu. Rev. Entomol. 60, 351-371. doi:10.1146/
annurev-ento-010814-020834

Blagosklonny, M. V. (2006). Aging and Immortality: Quasi-Programmed
Senescence and its Pharmacologic Inhibition. Cell Cycle 5, 2087-2102.
doi:10.4161/cc.5.18.3288

Blagosklonny, M. V. (2008). Aging: ROS or TOR. Cell Cycle 7, 3344-3354. doi:10.
4161/cc.7.21.6965

Blagosklonny, M. V. (2011). NCI’s Provocative Questions on Cancer: Some
Answers to Ignite Discussion. Oncotarget 2, 1352-1367. doi:10.18632/
oncotarget.432

A Semelparity-lteroparity Aging Continuum

author accepted manuscript version arising from this
submission.

ACKNOWLEDGMENTS

We would like to thank M.V. Blagosklonny, B.P. Braeckman, C.
Masclaux-Daubresse, T. Niccoli, L. Partridge and S. Sumner, and
E.R. Galimov other members of the Gems laboratory for useful
discussion. Figure 3A image (lactation, photo by Dmytro
Vietrov) reproduced with permission. Wherever present,
identifiable images of individuals are from public databases.

Cederholm, C. J., Kunze, M. D., Murota, T., and Sibatani, A. (1999). Pacific Salmon
Carcasses: Essential Contributions of Nutrients and Energy for Aquatic and
Terrestrial Ecosystems. Fisheries 24, 6-15. doi:10.1577/1548-8446(1999)
024<0006:psc>2.0.co;2

Collins, L. (2020). Was Jeanne Calment the Oldest Person Who Ever Lived—Or a
Fraud? The New Yorker.

Coschigano, K. T., Clemmons, D., Bellush, L. L., and Kopchick, J. J. (2000).
Assessment of Growth Parameters and Life Span of GHR/BP Gene-Disrupted
Micel. Endocrinology 141, 2608-2613. doi:10.1210/endo.141.7.7586

Davies, P. ]., and Gan, S. (2012). Towards an Integrated View of Monocarpic Plant
Senescence. Russ. J. Plant Physiol. 59, 467-478. doi:10.1134/
$102144371204005x

de la Guardia, Y., Gilliat, A. F., Hellberg, J., Rennert, P., Cabreiro, F., and Gems, D.
(2016). Run-on of Germline Apoptosis Promotes Gonad Senescence in C.
elegans. Oncotarget 7, 39082-39096. doi:10.18632/oncotarget.9681

de Magalhdes, J. P., and Church, G. M. (2005). Genomes Optimize Reproduction:
Aging as a Consequence of the Developmental Program. Physiology 20,
252-259. doi:10.1093/gerona/62.2.149

Depina, A. S., Iser, W. B,, Park, S.-S., Maudsley, S., Wilson, M. A., and Wolkow, C.
A. (2011). Regulation of Caenorhabditis elegans Vitellogenesis by DAF-2/IIS
through Separable Transcriptional and Posttranscriptional Mechanisms. BMC
Physiol. 11, 11. doi:10.1186/1472-6793-11-11

Diaz-Mendoza, M., Velasco-Arroyo, B., Santamaria, M. E., Gonzalez-Melendi, P.,
Martinez, M., and Diaz, I. (2016). Plant Senescence and Proteolysis: Two
Processes with One Destiny. Genet. Mol. Biol. 39, 329-338. doi:10.1590/1678-
4685-gmb-2016-0015

Ezcurra, M., Benedetto, A., Sornda, T, Gilliat, A. F., Au, C., Zhang, Q., et al. (2018).
C. elegans Eats its Own Intestine to Make Yolk Leading to Multiple Senescent
Pathologies. Curr. Biol. 28, 2544-2556. doi:10.1016/j.cub.2018.06.035

Finch, C. E. (1990a). Longevity, Senescence and the Genome. Chicago and London:
University of Chicago Press.

Finch, C. E. (1990b). Rapid Senescence and Sudden Death, Longevity, Senescence
and the Genome. Chicago: University of Chicago Press, 43-119.

Flatt, T., and Schmidt, P. S. (2009). Integrating Evolutionary and Molecular
Genetics of Aging. Biochimica Biophysica Acta (BBA) - General Subj. 1790,
951-962. doi:10.1016/j.bbagen.2009.07.010

Foukas, L. C,, Bilanges, B., Bettedi, L., Pearce, W., Ali, K,, Sancho, S., et al. (2013).
Long-term P110a PI3K Inactivation Exerts a Beneficial Effect on Metabolism.
EMBO Mol. Med. 5, 563-571. doi:10.1002/emmm.201201953

Friedman, D. B., and Johnson, T. E. (1988). A Mutation in the Age-1 Gene in
Caenorhabditis elegans Lengthens Life and Reduces Hermaphrodite Fertility.
Genetics 118, 75-86. doi:10.1093/genetics/118.1.75

Galimov, E. R., and Gems, D. (2021). Death Happy: Adaptive Death and its
Evolution by Kin Selection in Organisms with Colonial Ecology. Phil. Trans. R.
Soc. B 376, 20190730. doi:10.1098/rstb.2019.0730

Galimov, E. R,, Lohr, J. N., and Gems, D. (2019). When and How Can Death Be an
Adaptation? Biochem. Mosc. 84, 1433-1437. doi:10.1134/s0006297919120010

Gardner, M. P., Gems, D., and Viney, M. E. (2006). Extraordinary Plasticity in
Aging in Strongyloides Ratti Implies a Gene-Regulatory Mechanism of Lifespan
Evolution. Aging Cell 5, 315-323. doi:10.1111/j.1474-9726.2006.00226.x

Garigan, D., Hsu, A.-L., Fraser, A. G., Kamath, R. S., Ahringer, J., and Kenyon, C.
(2002). Genetic Analysis of Tissue Aging in Caenorhabditis elegans: a Role for

Frontiers in Genetics | www.frontiersin.org

June 2022 | Volume 13 | Article 880343


https://doi.org/10.1073/pnas.1515137113
https://doi.org/10.1210/er.2018-00216
https://doi.org/10.1111/j.1474-9726.2007.00300.x
https://doi.org/10.1111/j.1474-9728.2004.00125.x
https://doi.org/10.1136/bmj.i2156
https://doi.org/10.1093/jxb/eru039
https://doi.org/10.1111/j.1474-9726.2007.00348.x
https://doi.org/10.1111/j.1474-9726.2005.00172.x
https://doi.org/10.1111/j.1474-9726.2005.00168.x
https://doi.org/10.1111/j.1474-9726.2005.00168.x
https://doi.org/10.5534/wjmh.180018
https://doi.org/10.1073/pnas.0902882106
https://doi.org/10.1073/pnas.0902882106
https://doi.org/10.1146/annurev-ento-010814-020834
https://doi.org/10.1146/annurev-ento-010814-020834
https://doi.org/10.4161/cc.5.18.3288
https://doi.org/10.4161/cc.7.21.6965
https://doi.org/10.4161/cc.7.21.6965
https://doi.org/10.18632/oncotarget.432
https://doi.org/10.18632/oncotarget.432
https://doi.org/10.1577/1548-8446(1999)024<0006:psc>2.0.co;2
https://doi.org/10.1577/1548-8446(1999)024<0006:psc>2.0.co;2
https://doi.org/10.1210/endo.141.7.7586
https://doi.org/10.1134/s102144371204005x
https://doi.org/10.1134/s102144371204005x
https://doi.org/10.18632/oncotarget.9681
https://doi.org/10.1093/gerona/62.2.149
https://doi.org/10.1186/1472-6793-11-11
https://doi.org/10.1590/1678-4685-gmb-2016-0015
https://doi.org/10.1590/1678-4685-gmb-2016-0015
https://doi.org/10.1016/j.cub.2018.06.035
https://doi.org/10.1016/j.bbagen.2009.07.010
https://doi.org/10.1002/emmm.201201953
https://doi.org/10.1093/genetics/118.1.75
https://doi.org/10.1098/rstb.2019.0730
https://doi.org/10.1134/s0006297919120010
https://doi.org/10.1111/j.1474-9726.2006.00226.x
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Kern and Gems

Heat-Shock Factor and Bacterial Proliferation. Genetics 161, 1101-1112. doi:10.
1093/genetics/161.3.1101

Gems, D., and de la Guardia, Y. (2013). Alternative perspectives on aging in C.
elegans: Reactive Oxygen Species or Hyperfunction? Antioxidants Redox Signal.
19, 321-329. doi:10.1089/ars.2012.4840

Gems, D., and de Magalhaes, J. P. (2021). The Hoverfly and the Wasp: A Critique of
the Hallmarks of Aging as a Paradigm. Ageing Res. Rev. 70, 101407. doi:10.1016/
j.arr.2021.101407

Gems, D., and Doonan, R. (2009). Antioxidant Defense and Aging in C. Elegans: Is
the Oxidative Damage Theory of Aging Wrong? Cell Cycle 8,1681-1687. doi:10.
4161/cc.8.11.8595

Gems, D., Kern, C. C, Nour, J., and Ezcurra, M. (2021). Reproductive Suicide:
Similar Mechanisms of Aging in C. elegans and Pacific Salmon. Front. Cell Dev.
Biol. 9, 688788. doi:10.3389/fcell.2021.688788

Gems, D., and McElwee, J. J. (2005). Broad Spectrum Detoxification: the Major
Longevity Assurance Process Regulated by insulin/IGF-1 Signaling? Mech.
Ageing Dev. 126, 381-387. doi:10.1016/j.mad.2004.09.001

Gems, D. (2022). Understanding Hyperfunction: An Emerging Paradigm for the
Biology of Aging. Ageing Res. Rev. 74, 101557. doi:10.1016/j.arr.2021.101557

Guerrero, G. A., Derisbourg, M. J., Mayr, F. A., Wester, L. E., Giorda, M., Dinort,
J. E., etal. (2021). NHR-8 and P-Glycoproteins Uncouple Xenobiotic Resistance
from Longevity in Chemosensory C. elegans Mutants. Elife 10, e53174. doi:10.
7554/ elife.53174

Guevara-Aguirre, J., Balasubramanian, P., Guevara-Aguirre, M., Wei, M., Madia,
F., Cheng, C. W,, et al. (2011). Growth Hormone Receptor Deficiency Is
Associated with a Major Reduction in Pro-aging Signaling, Cancer, and
Diabetes in Humans. Sci. Transl. Med. 3, 70ral3. doi:10.1126/scitranslmed.
3001845

Havercamp, K., Watanuki, K., Tomonaga, M., Matsuzawa, T., and Hirata, S.
(2019). Longevity and Mortality of Captive Chimpanzees in Japan from 1921 to
2018. Primates 60, 525-535. d0i:10.1007/s10329-019-00755-8

Herndon, L. A., Schmeissner, P. J., Dudaronek, J. M., Brown, P. A, Listner, K. M.,
Sakano, Y., et al. (2002). Stochastic and Genetic Factors Influence Tissue-
specific Decline in Ageing C. elegans. Nature 419, 808-814. doi:10.1038/
nature01135

Honda, Y., and Honda, S. (1999). The Daf-2 Gene Network for Longevity Regulates
Oxidative Stress Resistance and Mn-superoxide Dismutase Gene Expression in
Caenorhabditis elegans. FASEB ]. 13, 1385-1393. doi:10.1096/fasebj.13.11.1385

Horvath, S., Erhart, W., Brosch, M., Ammerpohl, O., von Schonfels, W.,
Ahrens, M., et al. (2014). Obesity Accelerates Epigenetic Aging of
Human Liver. Proc. Natl. Acad. Sci. U. S. A. 111, 15538-15543. doi:10.
1073/pnas.1412759111

Hsin, H., and Kenyon, C. (1999). Signals from the Reproductive System Regulate
the Lifespan of C. elegans. Nature 399, 362-366. doi:10.1038/20694

Hsu, A.-L., Murphy, C. T., and Kenyon, C. (2003). Regulation of Aging and Age-
Related Disease by DAF-16 and Heat-Shock Factor. Science 300, 1142-1145.
doi:10.1126/science.1083701

Hughes, P. W. (2017). Between Semelparity and Iteroparity: Empirical Evidence for a
Continuum of Modes of Parity. Ecol. Evol. 7, 8232-8261. doi:10.1002/ece3.3341

Jochum, K. P., Wang, X., Vennemann, T. W, Sinha, B., and Miiller, W. E. G.
(2012). Siliceous Deep-Sea Sponge Monorhaphis Chuni: A Potential
Paleoclimate Archive in Ancient Animals. Chem. Geol. 143-151, 300-301.
doi:10.1016/j.chemgeo.2012.01.009

Kapahi, P., Chen, D., Rogers, A. N., Katewa, S. D., Li, P. W.-L., Thomas, E. L., et al.
(2010). With TOR, Less Is More: a Key Role for the Conserved Nutrient-
Sensing TOR Pathway in Aging. Cell Metab. 11, 453-465. doi:10.1016/j.cmet.
2010.05.001

Kenyon, C., Chang, J., Gensch, E., Rudner, A., and Tabtiang, R. (1993). A C. elegans
Mutant that Lives Twice as Long as Wild Type. Nature 366, 461-464. doi:10.
1038/366461a0

Kenyon, C. J. (2010). The Genetics of Ageing. Nature 464, 504-512. doi:10.1038/
nature08980

Kern, C. C,, Srivastava, S., Ezcurra, M., Hui, N., Townsend, S., Maczik, D., et al.
(2020). C. elegans Hermaphrodites Undergo Semelparous Reproductive Death.
bioRxiv [Preprint]. Available at: https://doi.org/10.1101/2020.11.16.384255

Kern, C. C,, Townsend, S., Salzmann, A., Rendell, N. B., Taylor, G. W., Comisel, R.
M., et al. (2021). C. elegans Feed Yolk to Their Young in a Form of Primitive
Lactation. Nat. Commun. 12, 5801. doi:10.1038/s41467-021-25821-y

A Semelparity-lteroparity Aging Continuum

Kirkwood, T. B., and Holliday, R. (1979). The Evolution of Ageing and Longevity.
Proc. R. Soc. Lond B Biol. Sci. 205, 531-546. doi:10.1098/rspb.1979.0083

Klass, M. R. (1977). Aging in the Nematode Caenorhabditis elegans: Major
Biological and Environmental Factors Influencing Life Span. Mech. Ageing
Dev. 6, 413-429. doi:10.1016/0047-6374(77)90043-4

Labbadia, J., and Morimoto, R. I. (2014). Proteostasis and Longevity: when Does
Aging Really Begin? F1000Prime Rep. 6, 7. doi:10.12703/P6-7

Labbadia, J., and Morimoto, R. I. (2015). Repression of the Heat Shock Response Is
a Programmed Event at the Onset of Reproduction. Mol. Cell 59, 639-650.
doi:10.1016/j.molcel.2015.06.027

Lithgow, G. J., and Walker, G. A. (2002). Stress Resistance as a Determinate of C.
elegans Lifespan. Mech. Ageing Dev. 123, 765-771. doi:10.1016/s0047-6374(01)
00422-5

Lohr, J. N., Galimov, E. R., and Gems, D. (2019). Does Senescence Promote Fitness
in Caenorhabditis elegans by Causing Death? Ageing Res. Rev. 50, 58-71. doi:10.
1016/}.arr.2019.01.008

Maklakov, A. A., and Chapman, T. (2019). Evolution of Ageing as a Tangle of
Trade-Offs: Energy versus Function. Proc. R. Soc. B 286, 20191604. doi:10.1098/
rspb.2019.1604

Marchal, E., Hult, E. F,, Huang, J., Stay, B., and Tobe, S. S. (2013). Diploptera
Punctata as a Model for Studying the Endocrinology of Arthropod
Reproduction and Development. General Comp. Endocrinol. 188, 85-93.
doi:10.1016/j.ygcen.2013.04.018

Martinez, D. E. (1998). Mortality Patterns Suggest Lack of Senescence in hydra.
Exp. Gerontol. 33, 217-225.

Masoro, E. J. (2005). Overview of Caloric Restriction and Ageing. Mech. Ageing
Dev. 126, 913-922. doi:10.1016/j.mad.2005.03.012

Mattison, J. A., Colman, R.]., Beasley, T. M., Allison, D. B., Kemnitz, ]. W., Roth, G.
S., et al. (2017). Caloric Restriction Improves Health and Survival of Rhesus
Monkeys. Nat. Commun. 8, 14063. doi:10.1038/ncomms14063

Mattison, J. A., Roth, G. S., Beasley, T. M., Tilmont, E. M., Handy, A. M., Herbert,
R. L, et al. (2012). Impact of Caloric Restriction on Health and Survival in
Rhesus Monkeys from the NIA Study. Nature 489, 318-321. doi:10.1038/
naturel1432

McElwee, J. ], Schuster, E., Blanc, E., Piper, M. D., Thomas, J. H., Patel, D. S., et al.
(2007). Evolutionary Conservation of Regulated Longevity Assurance
Mechanisms. Genome Biol. 8, R132. doi:10.1186/gb-2007-8-7-r132

McGee, M. D., Day, N., Graham, J., and Melov, S. (2012). cep-1/p53-dependent
Dysplastic Pathology of the Aging C. elegans Gonad. Aging 4, 256-269. doi:10.
18632/aging. 100448

McGee, M. D., Weber, D., Day, N., Vitelli, C., Crippen, D., Herndon, L. A,, et al.
(2011). Loss of Intestinal Nuclei and Intestinal Integrity in Aging C. elegans.
Aging Cell 10, 699-710. doi:10.1111/§.1474-9726.2011.00713.x

Medawar, P. B. (1952). An Unsolved Problem of Biology. London: H.K. Lewis.

Most, J., Tosti, V., Redman, L. M., and Fontana, L. (2017). Calorie Restriction in
Humans: An Update. Ageing Res. Rev. 39, 36-45. doi:10.1016/j.arr.2016.08.005

Murphy, C. T., McCarroll, S. A., Bargmann, C. L, Fraser, A., Kamath, R. S,
Ahringer, J., et al. (2003). Genes that Act Downstream of DAF-16 to Influence
the Lifespan of C. elegans. Nature 424, 277-283. doi:10.1038/nature01789

Osborne, T. B., Mendel, L. B., and Ferry, E. L. (1917). The Effect of Retardation of
Growth upon the Breeding Period and Duration of Life of Rats. Science 45,
294-295. doi:10.1126/science.45.1160.294

Partridge, L., and Gems, D. (2006). Beyond the Evolutionary Theory of Ageing,
from Functional Genomics to Evo-Gero. Trends Ecol. Evol. 21, 334-340. doi:10.
1016/j.tree.2006.02.008

Partridge, L., and Harvey, P. H. (1993). Methuselah Among Nematodes. Nature
366, 404-405. doi:10.1038/366404a0

Peto, R., and Doll, R. (1997). There Is No Such Thing as Aging. BMJ 315,
1030-1032. doi:10.1136/bmj.315.7115.1030

Pifferi, F., Terrien, J., Marchal, J., Dal-Pan, A., Djelti, F., Hardy, L, et al. (2018).
Caloric Restriction Increases Lifespan but Affects Brain Integrity in Grey Mouse
lemur Primates. Commun. Biol. 1, 30. doi:10.1038/s42003-018-0024-8

Piper, M. D. W, and Partridge, L. (2007). Dietary Restriction in Drosophila:
Delayed Aging or Experimental Artefact? PLoS Genet. 3, e57. doi:10.1371/
journal.pgen.0030057

Pletcher, S. D., Kabil, H., and Partridge, L. (2007). Chemical Complexity and the
Genetics of Aging. Annu. Rev. Ecol. Evol. Syst. 38, 299-326. doi:10.1146/
annurev.ecolsys.38.091206.095634

Frontiers in Genetics | www.frontiersin.org

June 2022 | Volume 13 | Article 880343


https://doi.org/10.1093/genetics/161.3.1101
https://doi.org/10.1093/genetics/161.3.1101
https://doi.org/10.1089/ars.2012.4840
https://doi.org/10.1016/j.arr.2021.101407
https://doi.org/10.1016/j.arr.2021.101407
https://doi.org/10.4161/cc.8.11.8595
https://doi.org/10.4161/cc.8.11.8595
https://doi.org/10.3389/fcell.2021.688788
https://doi.org/10.1016/j.mad.2004.09.001
https://doi.org/10.1016/j.arr.2021.101557
https://doi.org/10.7554/elife.53174
https://doi.org/10.7554/elife.53174
https://doi.org/10.1126/scitranslmed.3001845
https://doi.org/10.1126/scitranslmed.3001845
https://doi.org/10.1007/s10329-019-00755-8
https://doi.org/10.1038/nature01135
https://doi.org/10.1038/nature01135
https://doi.org/10.1096/fasebj.13.11.1385
https://doi.org/10.1073/pnas.1412759111
https://doi.org/10.1073/pnas.1412759111
https://doi.org/10.1038/20694
https://doi.org/10.1126/science.1083701
https://doi.org/10.1002/ece3.3341
https://doi.org/10.1016/j.chemgeo.2012.01.009
https://doi.org/10.1016/j.cmet.2010.05.001
https://doi.org/10.1016/j.cmet.2010.05.001
https://doi.org/10.1038/366461a0
https://doi.org/10.1038/366461a0
https://doi.org/10.1038/nature08980
https://doi.org/10.1038/nature08980
https://doi.org/10.1101/2020.11.16.384255
https://doi.org/10.1038/s41467-021-25821-y
https://doi.org/10.1098/rspb.1979.0083
https://doi.org/10.1016/0047-6374(77)90043-4
https://doi.org/10.12703/P6-7
https://doi.org/10.1016/j.molcel.2015.06.027
https://doi.org/10.1016/s0047-6374(01)00422-5
https://doi.org/10.1016/s0047-6374(01)00422-5
https://doi.org/10.1016/j.arr.2019.01.008
https://doi.org/10.1016/j.arr.2019.01.008
https://doi.org/10.1098/rspb.2019.1604
https://doi.org/10.1098/rspb.2019.1604
https://doi.org/10.1016/j.ygcen.2013.04.018
https://doi.org/10.1016/j.mad.2005.03.012
https://doi.org/10.1038/ncomms14063
https://doi.org/10.1038/nature11432
https://doi.org/10.1038/nature11432
https://doi.org/10.1186/gb-2007-8-7-r132
https://doi.org/10.18632/aging.100448
https://doi.org/10.18632/aging.100448
https://doi.org/10.1111/j.1474-9726.2011.00713.x
https://doi.org/10.1016/j.arr.2016.08.005
https://doi.org/10.1038/nature01789
https://doi.org/10.1126/science.45.1160.294
https://doi.org/10.1016/j.tree.2006.02.008
https://doi.org/10.1016/j.tree.2006.02.008
https://doi.org/10.1038/366404a0
https://doi.org/10.1136/bmj.315.7115.1030
https://doi.org/10.1038/s42003-018-0024-8
https://doi.org/10.1371/journal.pgen.0030057
https://doi.org/10.1371/journal.pgen.0030057
https://doi.org/10.1146/annurev.ecolsys.38.091206.095634
https://doi.org/10.1146/annurev.ecolsys.38.091206.095634
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Kern and Gems

Quinn, T. P., and Foote, C. J. (1994). The Effects of Body Size and Sexual
Dimorphism on the Reproductive Behaviour of Sockeye Salmon,
Oncorhynchus nerka. Anim. Behav. 48, 751-761. doi:10.1006/anbe.1994.1300

Richardson, E. T., Luo, R, Fink, D. L., Nutman, T. B., Geisse, J. K., and Barry, M.
(2012). Transient Facial Swellings in a Patient with a Remote African Travel
History. J. Travel Med. 19, 183-185. doi:10.1111/j.1708-8305.2012.00612.x

Robertson, O. H. (1961). Prolongation of the Life Span of Kokanee Salmon
(Oncorhynchus Nerka Kennerlyi) by Castration before Beginning of Gonad
Development. Proc. Natl. Acad. Sci. U.S.A. 47, 609-621. doi:10.1073/pnas.47.
4.609

Robertson, O. H., and Wexler, B. C. (1962). Histological Changes in the Organs
and Tissues of Senile Castrated Kokanee Salmon (Oncorhynchus nerka
Kennerlyi). General Comp. Endocrinol. 2, 458-472. doi:10.1016/0016-
6480(62)90044-8

Robertson, O. H., Wexler, B. C., and Miller, B. F. (1961). Degenerative Changes in
the Cardiovascular System of the Spawning Pacific Salmon (Oncorhynchus
tshawytscha). Circulation Res. 9, 826-272. doi:10.1161/01.res.9.4.826

Robine, J. M., and Allard, M. (1998). The Oldest Human. Science 279, 1834-1835.
doi:10.1126/science.279.5358.1831h

Salvestrini, V., Sell, C., and Lorenzini, A. (2019). Obesity May Accelerate the Aging
Process. Front. Endocrinol. 10, 266. doi:10.3389/fendo.2019.00266

Schaible, R., Scheuerlein, A., Dafiko, M. J., Gampe, J., Martinez, D. E., and Vaupel,
J. W. (2015). Constant Mortality and Fertility over Age in Hydra. Proc. Natl.
Acad. Sci. U. S. A. 112, 15701-15706. doi:10.1073/pnas.1521002112

Shields, H. J., Traa, A., and Van Raamsdonk, J. M. (2021). Beneficial and

Effects Oxygen Species on Lifespan: a
Comprehensive Review of Comparative and Experimental Studies. Front.
Cell Dev. Biol. 9, 628157. doi:10.3389/fcell.2021.628157

Shore, D. E., and Ruvkun, G. (2013). A Cytoprotective Perspective on
Longevity Regulation. Trends Cell Biol. 23, 409-420. doi:10.1016/j.tcb.
2013.04.007

Slack, C., Giannakou, M. E., Foley, A., Goss, M., and Partridge, L. (2011). dFOXO-
Independent Effects of Reduced Insulin-like Signaling inDrosophila. Aging Cell
10, 735-748. doi:10.1111/j.1474-9726.2011.00707.x

Sornda, T., Ezcurra, M., Kern, C., Galimov, E. R., Au, C,, de la Guardia, Y., et al.
(2019). Production of YP170 Vitellogenins Promotes Intestinal Senescence in
C. elegans. ]. Gerontol. A 74, 1180-1188. doi:10.1093/gerona/glz067

Speakman, J. R. (2008). The Physiological Costs of Reproduction in Small
Mammals. Phil. Trans. R. Soc. B 363, 375-398. doi:10.1098/rstb.2007.2145

Tesch, F.-W. (1977). The Eel. London: Chapman & Hall.

Tolkin, T., and Hubbard, E. J. A. (2021). Germline Stem and Progenitor Cell Aging
in C. elegans. Front. Cell Dev. Biol. 9, 699671. doi:10.3389/fcell.2021.699671

Detrimental of Reactive

A Semelparity-lteroparity Aging Continuum

Vanfleteren, J. R. (1993). Oxidative Stress and Ageing in Caenorhabditis elegans.
Caenorhabditis Elegansbiochem. J. 292, 605-608. doi:10.1042/bj2920605

Vijg, J., and Suh, Y. (2013). Genome Instability and Aging. Annu. Rev. Physiol. 75,
645-668. doi:10.1146/annurev-physiol-030212-183715

Walker, G. A., White, T. M., McColl, G., Jenkins, N. L., Babich, S., Candido, E. P.
M., et al. (2001). Heat Shock Protein Accumulation Is Upregulated in a Long-
Lived Mutant of Caenorhabditis elegans. Journals Gerontology Ser. A Biol. Sci.
Med. Sci. 56, B281-B287. doi:10.1093/gerona/56.7.b281

Wang, H., Zhao, Y., Ezcurra, M., Benedetto, A., Gilliat, A. F., Hellberg, J., et al.
(2018). A Parthenogenetic Quasi-Program Causes Teratoma-like Tumors
during Aging in Wild-type C. elegans. npj Aging Mech. Dis. 4, 6. doi:10.
1038/s41514-018-0025-3

Ward, S., and Carrel, J. S. (1979). Fertilization and Sperm Competition in the
nematodeCaenorhabditis Elegans. Dev. Biol. 73, 304-321. doi:10.1016/0012-
1606(79)90069-1

Williams, G. C. (1957). Pleiotropy, Natural Selection, and the Evolution of
Senescence. Evolution 11, 398-411. doi:10.1111/j.1558-5646.1957.tb02911.x

Young, T. P., and Augspurger, C. K. (1991). Ecology and Evolution of Long-Lived
Semelparous Plants. Trends Ecol. Evol. 6, 285-289. doi:10.1016/0169-5347(91)
90006-j

Zak, N. (2019). Evidence that Jeanne Calment Died in 1934-Not 1997.
Rejuvenation Res. 22, 3-12. d0i:10.1089/rej.2018.2167

Zhang, Z. D., Milman, S., Lin, J.-R,, Wierbowski, S., Yu, H., Barzilai, N., et al.
(2020). Genetics of Extreme Human Longevity to Guide Drug Discovery for
Healthy Ageing. Nat. Metab. 2, 663-672. doi:10.1038/s42255-020-0247-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kern and Gems. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

10

June 2022 | Volume 13 | Article 880343


https://doi.org/10.1006/anbe.1994.1300
https://doi.org/10.1111/j.1708-8305.2012.00612.x
https://doi.org/10.1073/pnas.47.4.609
https://doi.org/10.1073/pnas.47.4.609
https://doi.org/10.1016/0016-6480(62)90044-8
https://doi.org/10.1016/0016-6480(62)90044-8
https://doi.org/10.1161/01.res.9.4.826
https://doi.org/10.1126/science.279.5358.1831h
https://doi.org/10.3389/fendo.2019.00266
https://doi.org/10.1073/pnas.1521002112
https://doi.org/10.3389/fcell.2021.628157
https://doi.org/10.1016/j.tcb.2013.04.007
https://doi.org/10.1016/j.tcb.2013.04.007
https://doi.org/10.1111/j.1474-9726.2011.00707.x
https://doi.org/10.1093/gerona/glz067
https://doi.org/10.1098/rstb.2007.2145
https://doi.org/10.3389/fcell.2021.699671
https://doi.org/10.1042/bj2920605
https://doi.org/10.1146/annurev-physiol-030212-183715
https://doi.org/10.1093/gerona/56.7.b281
https://doi.org/10.1038/s41514-018-0025-3
https://doi.org/10.1038/s41514-018-0025-3
https://doi.org/10.1016/0012-1606(79)90069-1
https://doi.org/10.1016/0012-1606(79)90069-1
https://doi.org/10.1111/j.1558-5646.1957.tb02911.x
https://doi.org/10.1016/0169-5347(91)90006-j
https://doi.org/10.1016/0169-5347(91)90006-j
https://doi.org/10.1089/rej.2018.2167
https://doi.org/10.1038/s42255-020-0247-0
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Semelparous Death as one Element of Iteroparous Aging Gone Large
	Introduction
	Identifying Proximate Mechanisms of Aging: Stochastic or Programmatic?
	Nematode Lactation: A Costly Program
	C. elegans is Semelparous: Reproductive Death and Adaptive Death
	Good News: AN Iteroparity Semelparity Continuum
	Regulated vs. Non-Regulated Aging
	Perspectives
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


