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ARTICLE INFO ABSTRACT

Keywords: How, when, and why organisms age are fascinating issues that can only be fully addressed by adopting an
Evolutionary theory of ageing evolutionary perspective. Consistently, the main evolutionary theories of ageing, namely the Mutation Accu-
Symbioses

mulation theory, the Antagonistic Pleiotropy theory, and the Disposable Soma theory, have formulated stimu-

x‘:r"b‘;mes lating hypotheses that structure current debates on both the proximal and ultimate causes of organismal ageing.
etworks . . . .
Pluralism However, all these theories leave a common area of biology relatively under-explored. The Mutation Accumu-

lation theory and the Antagonistic Pleiotropy theory were developed under the traditional framework of pop-
ulation genetics, and therefore are logically centred on the ageing of individuals within a population. The
Disposable Soma theory, based on principles of optimising physiology, mainly explains ageing within a species.
Consequently, current leading evolutionary theories of ageing do not explicitly model the countless interspecific
and ecological interactions, such as symbioses and host-microbiomes associations, increasingly recognized to
shape organismal evolution across the Web of Life. Moreover, the development of network modelling supporting
a deeper understanding on the molecular interactions associated with ageing within and between organisms is
also bringing forward new questions regarding how and why molecular pathways associated with ageing
evolved. Here, we take an evolutionary perspective to examine the effects of organismal interactions on ageing
across different levels of biological organisation, and consider the impact of surrounding and nested systems on
organismal ageing. We also apply this perspective to suggest open issues with potential to expand the standard
evolutionary theories of ageing.

Units of selection

1. Introduction organisms may eventually die from extrinsic causes, be it by accident,
predation, disease or due to harsh conditions (Reichard, 2017). Pre-

Mainstream evolutionary theories of organismal ageing revolve cisely, as Charlesworth (Charlesworth, 2000) emphasised, Fisher’s
around an important common prediction: that the later periods of any concept of "reproductive value of individuals of age x", which "measures
organism’s life are less important from an evolutionary viewpoint than their contribution to the future ancestry of a population growing at rate
their early periods. This asymmetry stems from the consideration that all r, normalized to a value of unity at the time of conception", had critically
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contributed to connect the phenomenon of ageing to that of natural
selection, and turned evolutionists’ attention towards the proportional
relationship between ageing and organismal reproductive value (Fisher,
1930). Fisher’s work was notably influential for Medawar. Specifically,
the Mutation Accumulation theory of ageing (MA), proposed by Med-
awar in the 1950’s (Medawar, 1952), holds that late-expressed delete-
rious mutations will accumulate in organismal genomes. The reason for
this is that the decreasing strength of natural selection fails to purge
deleterious late-expressed genes, or to further postpone their expression
in the course of an organisms’ lifetime. This accumulation contributes to
the functional decline of organisms late in their lives. Likewise, the
Antagonistic Pleiotropy theory of ageing (AP) (Williams, 1957), fully
elaborated by Williams roughly at the same period, predicts that the
selection for genes that benefit organisms should be stronger early in
their lives, even when genes with early positive fitness effects impair the
survival of their bearers later in their lives. Accordingly, organismal
ageing would result from trade-offs favouring the reproduction of in-
dividuals over their long-term survival. Finally, the Disposable Soma
theory (DS) developed by Kirkwood in the late 1970’s (Kirkwood and
Holliday, 1979; Kirkwood, 1977) assumes an optimal dynamic alloca-
tion of resources to life history trade-offs (reproduction, survival) that
maximizes organismal lifetime fitness. To summarize, because resources
are limited, most organisms will be evolutionarily more successful if
they invest their finite energy into their germline and into their repro-
duction rather than into the maintenance of their soma (Reichard,
2017).

While the contributions of these important, standard theories are
invaluable, their explanatory scope may not be fully realized and could
be expanded. For example, while an increase in extrinsic mortality (e.g.,
by predation) usually leads to an evolution of shorter lifespans and
earlier reproduction as predicted by classic evolutionary theories of
ageing, cases where the reverse happens, and increased extrinsic mor-
tality leads to the evolution of longer lifespans, are also well docu-
mented (Chen and Maklakov, 2012; Reznick et al., 2004; Shokhirev and
Johnson, 2014). Indeed, MA, AP and DS “designate the organism as the
dynamic locus of ageing, and treat the environment as an undifferenti-
ated cumulative source of selective pressures and resources” (Johnson
et al., 2019). However, it is increasingly acknowledged that a complex
network of interactions links an organism to its environment, including
other organisms (Bapteste and Huneman, 2018). Thus, mainstream
evolutionary theories of ageing leave an important structural and
functional aspect of the biological world relatively under-explored,
which may limit our understanding of some proximal and ultimate
causes of ageing. In particular, these theories do not explicitly model the
countless interspecific and ecological interactions, such as symbioses
and host-microbiome associations, that shape organismal evolution
across the Web of Life, whereas abundant data now demonstrate con-
nections between organismal ageing on the one hand and social in-
teractions, ecological interactions, symbioses, microbiomes, or
co-evolution on the other hand, which we review below.

The importance of biological interactions at all scales of biological
organisation (from molecules to ecosystems) is not specific to evolu-
tionary theories of ageing. Evolutionary biology in general is currently
undergoing various theoretical debates concerning the proper frame-
work to formulate the complexity of biological evolution (Bapteste and
Huneman, 2018; Laland et al., 2014; Tozzi, 2014; Witzany and Baluska,
2014). These debates suggest that adopting a greater focus on in-
teractions will enlarge the scope of current evolutionary theories,
including those on ageing. Such “theoretical enlargement” (as philoso-
phers of sciences call them) has occurred throughout scientific history
for instance when simplifications from Modern Synthesis models such as
Wright-Fisher’s were relaxed with respect to the original formalization
in the Modern Synthesis (Gillespie, 2004), to better account for
within-genome interactions (Griffiths and Stotz, 2013), gene-environ-
ment covariance (Barker et al., 2013), parental effects (Bonduriansky,
2012), and extended fitness though generations (Lehmann, 2008).
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Similarly, a “theoretical enlargement” in microbial evolution was pro-
posed to account for the contributions of lateral gene transfers and en-
dosymbioses to the evolution of lineages, adding to the traditional
formalism and methods of evolutionary trees, with the advance of
phylogenetic networks and other comparative approaches (Koonin
et al., 2021; Watson et al., 2020). Thus, outside the field of ageing,
network-based analyses are being developed to enhance scientific ex-
planations for the evolution of biological complexity and diversity. For
instance, Ciliberti and Wagner used networks of gene regulatory net-
works to account for evolvability and robustness in evolution (Ciliberti
et al., 2007; Wagner, 2005). Alon and colleagues searched gene net-
works and identified recuring network patterns called motifs whose
conservation across lineages casts a light on evolution of complexity
(Milo et al., 2002). Together with these ones, many uses of network
analyses have been described as shifting our understanding of evolution
(Bapteste and Huneman, 2018). These network methods can exploit the
rich body of empirical datasets from molecular, cellular, microbiolog-
ical, organismal, ecological and evolutionary studies, in ways that better
capture the interactions both between and within evolving systems. We
argue here that the field of evolutionary ageing studies, while resting on
solid grounds, may also benefit from this kind of development.

To evaluate what knowledge may be at stake, in this paper, we re-
view some current grey areas of standard evolutionary theories of ageing
that might be enhanced by greater focus on interactions. First, we pro-
vide some evidence that ecological interactions and co-evolution matter
for ageing. Second, we highlight some systemic aspects of the evolution
of ageing that remain a black-box and bring forth important open issues
regarding interactions within and between organisms that affect ageing.
We conclude that addressing these open issues could enhance the
evolutionary framework of ageing studies, both in terms of phylogenetic
scope and by providing a broader framework to consider the role of
biological interactions in ageing.

2. Ecological interactions and co-evolution are relevant for
ageing studies

2.1. Open issues raised by the connections between microbes and ageing

Starting an article on open issues about ageing with considerations
on microbes may seem counterintuitive: the general biology of microbes
appears highly different from that of animals, and our understanding of
ageing is largely based on animal-centred models. However, from an
evolutionary perspective, it is quite natural to consider microbes first, at
least for anyone who considers that what is true for the elephant is true
for E. coli. Investigating ageing in microbes may at the very least help
track the deep origins of some pathways associated with animal ageing
or longevity.

Indeed, common molecular mechanisms associated with ageing or
longevity may be unravelled by following a genetically homogeneous
large population of individual microorganisms under a controlled
environment. Advantageously, studying ageing with such microorgan-
isms could be considerably easier than more complex organisms.
Thousands of individuals can be followed throughout their lifespan and
their survival can be tested under different nutritional conditions and
social conditions. For instance, isolating individual cells in individual
micro-size wells or by allowing them to grow as part of a functionally
interconnected colony can be performed over time periods easily
manageable in the lab. Accordingly, to focus on one model of bacterial
ageing, several promising findings have been published on E. coli,
addressing both chronological and replicative aging.

Addressing replicative ageing, experimental work conducted on
E. coli has established a stimulating connection between asymmetry of
cell division and cellular ageing. In E. coli, every cell division generates a
daughter cell with one pole that is at least one generation older than the
oldest pole of the second daughter cell. Daughter cells of the oldest pole
lineage lose reproductivity (Proenca et al., 2018; Stewart et al., 2005)
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and accumulate misfolded, damaged proteins (Lindner et al., 2008).
While this functional asymmetry of damage accumulation in bacteria is
a passive mechanism that does not mobilise a dedicated energetic in-
vestment (Coquel et al., 2013), other organisms may have evolved such
active mechanisms to keep accumulated damage at bay (Nystrom,
2011).

Moreover, quantifying age-specific mortality of nutrient-restricted
non-growing bacteria, it was discovered that a simple organism as
E. coli manifests similar ageing properties at the population level to
higher social organisms including humans (e.g., Gompertz-like expo-
nential mortality profiles (Yang et al., 2019)). A trade-off between
reproduction and survival, mediated by the stress response sigma factor
was established, linking the organism’s feast and famine lifestyle to an
evolved genetic mechanism underlying tuning of ageing rate. What are
the stochastic mechanism(s) that trigger the transition from a lively
E. coli cell to a dying cell is an open question, addressable by following
damage (Yang et al., 2022). Further, using the same experimental setup,
> 100 single gene knockouts increasing longevity were discovered,
many of which with hitherto unknown phenotypes (Santos A, Yang Y,
Lindner AB (2022), unpublished). Interestingly, it is currently unknown
whether homologs of such E. coli genes with ability to modulate cellular
ageing and rejuvenation play similar role in other members of the pro-
karyotic world (and possibly beyond), inviting one to consider an
application of AP, MA and eventually DS in bacterial lineages.

Furthermore, while bacteria constitute an ancient Domain of life,
Archaea are presumed to be equally old. There is a consensus amongst
phylogeneticists that the Tree of Life is probably rooted between these
two major prokaryotic groups (Dagan et al., 2010). Tackling the issue of
ageing in Archaea would however open an entirely new research field.
Such an inquiry is warranted by at least two considerations. First, there
is evidence of asymmetric cell division in Archaea (upon viral infection
in Sulfolobus species), coupled to differential fitness between asymmet-
rically divided cells (Liu et al., 2021). This result makes it conceivable
that these archaea can partition damage load as a result of asymmetric
cell division. Second, our own species belongs to eukaryotes, which have
dual phylogenetic ancestries, i.e., bacterial but also archaeal roots as a
result of primary endosymbiosis (Raval et al., 2022). Thus, eukaryotes
are evolutionary chimeras: non-photosynthetic eukaryotes harbour
mitochondria, which are the descendants of endosymbiotic bacteria
acquired during an endosymbiosis involving at least members of an
archaeal and a bacterial ancestral lineage. Consequently, eukaryotes,
including humans, may have inherited some very ancient features of
cellular ageing and rejuvenation that may explain aspects of our current
cellular ageing. Empirically tracking the (prokaryotic) phylogenetic
origins of gene families associated with ageing and longevity in the
human genomes (Lopez-Otin et al., 2023) may be a quantitative way to
understand when deeply rooted aspects of ageing evolved, expanding
over qualitative studies of this issue (Lemoine, 2021)). Already, it is well
recognized that mitochondria, with their non-nuclear genomes, play
critical roles in the ageing process (Garagnani et al., 2014).

Moreover, multicellular eukaryotes commonly host microbes. For
instance, the human gut encompasses 10'* microbial cells (a taxonomic
combination of bacteria, archaea and protists) and at least ten times
more bacteriophages (Popescu et al., 2021). Taking into account these
host-associated microbes adds yet another level of complexity to the
genetics of ageing (Biagi et al., 2017, 2010; Garagnani et al., 2014;
Gould et al., 2018) and to the issue of its evolution. To what extent these
different microbial and microbially-derived genomes contribute to
ageing remains therefore an open question. To address this, one can use
the tools of phylogenomics, e.g., to assess which ageing-associated genes
humans inherited from their deep mitochondrial ancestry. Moreover,
one can also wonder what part of human ageing was caused by the
microbial lineages with which we co-evolved. This is for example
illustrated by a theory, connecting the taming of fire, microbiomes, and
the evolution of Homo sapiens. In short, this theory proposes that human
ageing was uniquely shaped by our associated microbes, because
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hominins progressively cooked their food on a routine basis, introducing
toxic chemical compounds, derived from the Maillard reaction, into
their bodies (Danchin, 2018). The host-associated gut microbiota would
have acted as a first line of defence against these toxic compounds. By
contrast, an animal species eating raw foods would normally accumulate
such compounds slowly over the course of its life, with damaging effects
only late in life. The co-evolution between hominins and microbes was
here proposed to explain how human-associated microbiomes might
have conferred on our species the rare ability to counteract an
ageing-related problem, extending human lifespan far beyond that of
our great ape cousins. Likewise, it was proposed that interkingdom
communication between hosts and microbiomes, mediated by
taste-receptors, could allow gut microbiomes to modulate host inflam-
mation in the presence of food (Giuliani et al., 2020). In that later case,
evolutionary considerations on interactions encoded beyond the nuclear
host genome may help track and highlight the multispecific origins of
inflammageing (Santoro et al., 2021). In addition, the CGAS-STING
module, which senses pathogen-derived DNA in Vertebrates, is a basic
mechanism deeply related to inflammageing, notably in humans. Spe-
cifically, in the cytosol, the signal protein cGAS produces a second
messenger (cGAMP) that activates the signalling adaptor STING, a
protein that evolved in Bacteria and was possibly acquired by ancestral
animals more than 600 million years ago (Margolis et al., 2017; More-
house et al., 2020).

As these few studies illustrate, addressing some questions about
ageing requires comparative studies of microbiomes and of organelles
along lineages of ageing hosts, e.g., humans and apes, to decipher what
makes the contribution of organelles and microbiomes to organismal
ageing common or instead unique across species. This complexity also
stresses that evolutionary biologists still need to develop methods and
concepts to better explain how genes from different kinds of genomes
became functionally integrated over time; hence how phylogenetic
chimerism affects organismal ageing. As an ultimate case in point, some
authors have brought forward aspects of human ageing that may result
from the reticulate history of our own lineage, as our history involved
hybridization with members of Neanderthalian or Denisovian tribes
(Levi et al., 2021). Hence, explanation of ageing processes may benefit
from mapping and tracking the connection of externally acquired genes
(or alleles) into extant interaction networks and into networks of gene
sharing.

However, addressing these challenges is complicated, as we will
illustrate below. Indeed, giving a more central place to hybridization
events, (endo)symbioses and to the microbiome in the evolution of
ageing invites us to question what proper concepts of individuality, units
of selection, and fitness measures are relevant to understand the evo-
lution of ageing across the Web of Life.

2.2. Open issues raised by age-distorsion

As a case in point for the difficulty and pay-offs to extend explana-
tions of the evolution of ageing beyond the genetic contribution from a
single source, the concept of age-distorters (paraphrasing the notion of
sex-distorters in evolutionary biology) was recently coined to encourage
research into evolutionary and genetic causes of ageing, external to a
focal ageing species/organism (Teuliere et al., 2021). In short,
age-distorters are defined as entities that manipulate the biological age
of other entities for their own evolutionary interests. For instance, the
HIV-1 virus can interfere with the cell cycle by inducing telomerase
activity in monocyte-derived macrophages, which turns these infected
host cells into resistant viral reservoirs (Reynoso et al., 2012). HIV-1 can
also cause immunosenescence (Cohen and Torres, 2017) and provoke
stress-induced premature senescence of non-immune cells (Cohen and
Torres, 2017) and progressive mitochondrial damages that contribute to
accelerated ageing and cellular dysfunction (Schank et al., 2021).
Consistently, HIV-1 infection was reported to increase epigenetic age
both in brain tissue and in the blood (Horvath and Levine, 2015). In
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addition, morphological reports identified an acceleration of the normal
ageing trajectory in several regions of the human brain, such as the
neocortex and the thalamus in HIV-infected individuals with generally
good health (Pfefferbaum et al., 2014). HIV-1 infection was also causally
connected to cases of osteoporosis and of osteopenia (Seoane et al.,
2020).

Phytoplasmas are another example of microbes that modulate host
fitness traits for their own advantage. Phytoplasma asteris infects aster
phloem and releases effector molecules that rejuvenate the plant to
make the plants more attractive to leafhopper insects, which serve as
vectors (Hogenhout et al., 2008). Furthermore, Phytoplasmas can in-
crease fertility and lifespan of the leaf hoppers Macrosteles quadrilineatus
when they feed on the preferred aster (Hogenhout et al., 2008). Like-
wise, the obligate intracellular symbiont Wolbachia, which primarily
resides in the germline cells of its host, but can also be found in its so-
matic tissues, has been reported to affect the lifespan and the ageing of
Drosophila in the lab, either by extending or by shortening the longevity
of these flies. These lifespan-modulating effects of Wolbachia seem to
depend on the genetics of the host as well as on that of the symbiont, and
there is no clear theory to explain why such opposite effects have been
observed. Interestingly, Wolbachia is suspected to impact the expression
of key longevity-associated genes in Drosophila (e.g., stress resistance,
immune response, autophagy, oxidative stress defense, etc.), although a
systematic and accurate analysis of the involved pathways is still missing
(Maistrenko et al., 2016).

Importantly, these very different examples show that the pool of
candidate age-distorters is large. It includes viruses, parasites, and
symbionts, operating through specific, genetically encoded in-
terferences with their hosts processes and results in co-evolution be-
tween manipulative entities and manipulable (ageing) hosts.
Accordingly, the notion of age-distorters brings forth (worrying) open
issues: what are the age-distorters of humans, their age-distorting genes,
and the targets of these genes in humans, if any? (Teuliere et al., 2023)
What are the loads of such age-distorters in natural populations and
their impact on ageing organisms? (Teuliere et al., 2021).

Moreover, interspecific interactions altering the normal course of
host ageing have no reason to be limited to the human species. That
broader phylogenetic scope is illustrated by cases when age-distorters
and host evolutionary fates become tightly integrated. For example,
when endogenous retroviruses physically disrupt their host genomes,
these viruses can impact host ageing. Thus, the vast diversity of
endogenous viruses found within the bat genome might contribute to the
unusually high tolerance of the bat immune system for viral infections
(Déjosez et al., 2022), contributing maybe to explain why bats are
especially long-lived for their body size (Austad and Fischer, 1991).
Under this hypothesis, the ‘domestication’ of viruses would confer an
evolutionary advantage, that extends lifespan of bats by limiting the
inflammatory response to pathogens and therefore by slowing down the
rate of inflammageing and immune driven damage. Consistently, one
might wonder whether endogenous viruses generally contribute to host
ageing and longevity across the Web of Life? Considering age-distorters
asks both which organisms have aspects of their ageing driven from
outside their own genomes by entities that use their host cells or bodies
as their own disposable soma, or are driven from within, when
age-distorters become integrated into their host genomes? This problem
is becoming a hot topic in ageing studies, with the increasing recognition
that endogenous retroelements play a role in ageing and in cellular
senescence (Gorbunova et al., 2021; Liu et al., 2023; Yushkova and
Moskalev, 2023).

From a theoretical viewpoint, the notion of age-distorters supports
an extension of traditional evolutionary theories of ageing. When age-
distorters interfere with the mechanisms implementing reproduction/
maintenance trade-offs in their hosts, age-distorters can be related, by
analogy at least, to the Disposable Soma theory. In that case, the
manipulated parts of the host can be seen as an expanded disposable
soma, exploited by the age-distorters. Moreover, the genomes of age-
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distorters can be seen as additional sources of mutation accumulation
and of antagonistic pleiotropic genes, originally external to the host
genome, which expands the scope of the mutation accumulation and of
the antagonistic pleiotropy theories (Teuliere et al., 2021).

Beyond age-distorters, a growing number of microbial studies of age-
related diseases have stressed the possible importance of microbial
components to enhance the understanding of organismal ageing, hinting
at the general and medical relevance of microbial theories of ageing.
Thus, different microbes have been proposed to play a causal role in
dependent autoimmune processes associated with atherosclerosis, Alz-
heimer’s and Parkinson’s diseases, autoimmune and autoinflammatory
diseases. For example, the Cytomegalovirus (CMV) has long been pro-
posed to contribute to immunosenescence (Solana et al., 2012) and the
Epstein-Barr virus (EBV) has been proposed to contribute to Alzheimer’s
disease (Huang et al., 2021).

Such considerations bring biological interactions, and therefore
ecological context, to the center of explanations of ageing.

2.3. Open issues raised by the connections between division of labor and
ageing

Beyond the issues raised by the above-mentioned ecological and co-
evolutionary considerations, another context is already recognized as
critical to explain ageing: social interactions also affect ageing and its
evolution.

This is particularly true in social species where the evolution of
complex societies has been accompanied by a great increase in lifespan,
e.g., (Lucas and Keller, 2020). A particularly striking example is pro-
vided by the queens of social insects which can live up to nearly 30 years
in some species (Keller and Genoud, 1997). Similarly, naked mole rats
can also live up to 39 years (Austad, 2010), which is much more than
similar-sized rodents (the maximum recorded lifespan of mice is only
around four years (Miller et al., 2002). While it was commonly thought
that living in social groups does influence the evolution of senescence
and longevity because large group size affects key life history parame-
ters such as extrinsic mortality and the cost of reproduction, it seems
that this outcome might only be true for species in which life in large
groups is the norm (Lucas and Keller, 2020). By contrast, there seems to
be no clear association between survival and social group size in species
which have relatively small social groups. Interestingly, the benefits of
social life on longevity in co-operatively breeding vertebrates and social
insects primarily occurs for high-ranking individuals who benefit from
the protection and support of their non-breeding helpers (Lucas and
Keller, 2020). In contrast, helpers in these species usually do not show
evidence of increased longevity, with the exception of naked mole rats
where both breeders and helpers live much longer than related solitary
species.

Social life can also lead to changes in the coupling of life-history
traits which, in turn, has consequences on lifespan. For example, there
is usually a strong relationship between the size of organisms and their
lifespan. It is thought that this stems from the coupling between the size
of organisms and their metabolism and risk of extrinsic mortality
(Austad, 2010; Gaillard et al., 1994; Promislow and Harvey, 1990).
However, the relationship between size and lifespan can be modified
when social life induces unusual association between size and extrinsic
mortality. Thus, in the weaver ant, Oecophylla smaragdina, the major
(large) workers perform the risky tasks outside the nest, while the minor
(small) workers stay within the highly protected arboreal nest. Hence,
this pronounced division of labour is associated with minor workers
experiencing lower extrinsic mortality than major workers. In line with
the prediction that lower extrinsic mortality should lead to higher life-
span, it was shown that, in a protected environment, the minor workers
live longer than the major workers (Chapuisat and Keller, 2002). Again,
this example illustrates that social life has important consequences on
the interaction between organisms and their environment, and as such,
can have important implication on patterns of ageing. How social life
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affects ageing is however still not fully understood (Huneman, 2023). In
particular, comparative transcriptomic analyses of genes expressed by
organisms in social interactions, e.g., individuals from different casts,
such as workers and queens, has potential to unravel whether different
pathways or regulations are involved in their differential longevities.
Such analyses could inform how a given genome from a given popula-
tion is able to activate/repress (yet to be discovered) longevity pro-
grams, under given social conditions.

Furthermore, one may wonder whether some of the above observa-
tions also apply on social organisms outside the animal kingdom, and
therefore whether some of the conclusions just presented regarding the
evolution of ageing in a social context may have a broader phylogenetic
scope than currently assumed. In particular, several species of microbes
(e.g., the bacteria Myxococcus xanthus, the amoeba Dictyostelium dis-
coideum, etc.) are regularly described as implementing social behaviours
as part of their reproductive strategies. Because microbial sociality
obviously evolved independently from eusociality in insects and in
naked mole rats, analyses of microbes would serve to provide hypo-
thetical cases with concrete mechanisms. Already, these analogies
encourage phylogenetically broader analyses of the evolution of ageing
in social context. For instance, one may wonder whether social mi-
crobes, known to operate transient yet critical forms of labour division,
are longer-lived than closely related microbes that do not show evidence
of such behaviours?

Moreover, considering that microbes are often found in spatially
structured biofilms, and have been proposed to be granted, for some
species at least, with some reproductive labour division as a result of
asymmetrical cell divisions in their development (Teuliere et al., 2020),
one may also wonder whether biofilms (that are everywhere in the
planet) offer an overlooked example of socially-structured ageing. For
instance, older microbial cells, being more dispensable for the repro-
ductive success of the population, may behave as ant workers do and be
especially enriched in the most dangerous areas of biofilms, whereas
younger microbial cells, with higher replicative potential, may tend to
get better protected, like the queen, and may occupy the most protected
areas of biofilms. This hypothesis could be tested by measuring
yet-to-be-biomarkers of ageing in spatial sections of microbial biofilms.
If conclusive, ageing may provide secondary advantages to a microbial
population, and kin selection may be proposed to act upon ageing mi-
crobes. Research into microbial ageing may therefore provide additional
examples that social interactions can influence ageing across very
different branches of the Web of life and unravel phylogenetically
ancient processes associated with cellular ageing in a social context,
some of which may have been inherited by multicellular eukaryotes
during their transitions to multicellularity (Ocana-Pallares et al., 2022).

2.4. Open issues raised by the diversity of units of selection in ageing

The sections above hinted at the notion that an individual plant,
animal, or even a microbe, being part of an interaction network, may not
exactly correspond to the relevant unit of selection, i.e., to the
Darwinian individual, upon which natural selection exerts its direct and
collateral effects leading to organismal ageing. Therefore, ageing studies
in a Web of Life also bring forth open issues about individuality, con-
nected to long-standing active debates in the fields of ecology, evolu-
tionary biology, and philosophy of biology regarding what should be
considered as evolving by selection, especially now that naive group
selection (i.e., selection aimed at what is good for a group of individuals
of the same species) has been rejected in the 1950-1960 s by David Lack
(Lack, 1954) or Williams (Williams, 1966).

There are currently many competing views on individuality,
including ecological views that attract more attention in the context of a
Web of Life and may provide additional relevant frameworks for the
studies on the evolution of ageing. Thus, after David Hull’s influential
paper on individuals (Hull, 1980), most views of individuality assume
that the individual is a target of selection. Such views have been
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thoroughly refined since the times of Hull, though this basic connection
between individuality and selection remains of the essence. For instance,
Ellen Clarke argues that policing mechanisms ensure that selection does
not dismantle the individual (Clarke, 2013). Goodnight (Goodnight,
2013) defines grades of individuality in relation to aspects of fitness.
Godfrey-Smith (Godfrey-Smith, 2013) supports a dual view, dis-
tinguishing evolutionary individuals, defined as replicating entities that
respond to selection, from physiological individuals or “organisms”,
which function as an integrated whole and autonomously reproduce.
Recently, a merge between evolutionary and ecological concepts of or-
ganisms have also proposed that organisms, as set of cells that includes
entities from distinct species (i.e., the microbiome) can be seen as eco-
systems (Huneman, 2020). This latter view justifies addressing physi-
ology and some pathologies from an ecological viewpoint (Costello
et al., 2012; Scadden, 2006), and may also be applied to study ageing.

Even without embracing notions of ecological individuals as a new
standard, from a purely evolutionary perspective, recent theoretical
developments on units of selection are encouraging to enhance tradi-
tional, organism-centred evolutionary analyses of ageing to the benefit
of a broader set of less paradigmatic Darwinian individuals, e.g., a tight
association of microbes and hosts. The theory of evolution by natural
selection (ENS) explains biodiversity as the result of the divergence of
biological entities with respect to the populations of their last common
ancestors by a general evolutionary process common to all life forms,
including microbes. In short, ENS requires three conditions: i) the
presence of genetic variation within a population, ii) a link between
genetic variation and the fitness of the carriers, and iii) the transmission
of fitness-related variation from ancestors to descendants (Lewontin,
1970). While it is commonly assumed that the units of selection targeted
by ENS must belong to a single species, this assumption is clearly a
simplification (Papale et al., 2020). Consistently, it has often been
argued that ENS can apply to more complicated entities than simple
(monogenomic) lineages, shedding evolutionary light on a variety of
otherwise unexplained biological phenomena (Bapteste et al., 2012).

These theoretical developments have thus opened a general issue:
what is the diversity of units of selection (and thus of evolutionary in-
dividuals) that may evolve by natural selection and therefore may age
on the planet, either by antagonistic pleiotropy, or due to a selection
shadow? As some units of selection do not simply match traditional
organisms within populations, the borders of “evolutionary individuals”
(affected by natural selection) may be different from the borders of
conventional organisms possibly trespassing the borders of conventional
species. In particular, units of selection may be comprised of interacting
entities from multiple species. For instance, a host species and some
symbionts may be selected together. The Hawaiian bobtail squid, for
example, is vulnerable to predation without its light-producing symbi-
otic bacterium, Vibrio fischeri, which in turn gains an advantage in
population size and dispersal from the squid (Nyholm and McFall-Ngai,
2021; Visick et al., 2021). In such associations, the impact of natural
selection on the ageing of both kinds of components remains to be
theorized. Likewise, consider the dynamics of microbial associations
associated to ageing hosts, e.g., a host and its gut microbiome. While it is
well-known that the microbiome plays a mechanistic role in host ageing,
such as inflammageing (Guedj et al., 2019), the role played by the
ageing host on the evolution and possible ageing of its own microbial
communities are less well-understood (but see (Blaser and Webb, 2014)
for some hypotheses).

Again, the main evolutionary theories of ageing do not explicitly
model such interspecific interactions, yet, importantly, all these theories
postulate that the strength of natural selection acting upon a host de-
creases with time (Johnson et al., 2019; Reichard, 2017). This “selection
shadow*, by progressively altering the normal functioning of the ageing
host, is therefore likely to alter the selection exerted by the ageing host
on its microbiome (Foster et al., 2017). This consideration raises in turn
an interesting novel open issue that we call the ‘host selection shadow
hypothesis’. Namely, if the selection imposed by an ageing host
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decreases, the host-associated microbiome might be progressively
emancipated from the guardianship of its host, which could result in a
functional disintegration of the ageing host-microbiome collective, past
a given host (biological or chronological) age. Consequently, the host
selection shadow hypothesis predicts the accumulation of pathobionts
(Rampelli et al., 2013) with genes deleterious to the host late in the life.

Problematically, the host selection shadow hypothesis is currently
not explicitly integrated in the classic evolutionary theories of ageing.
To test it on empirical grounds, one would need to track the changes in
the structure of microbial communities throughout hosts lifespan, e.g.,
by using temporal series of co-occurrence networks that provide a
comprehensive topological description of the changes that affect host-
associated microbiomes in ageing hosts. Such original studies may
identify a ‘phase transition’, after which the structure of host-associated
microbial communities changes significantly with host ageing: then the
host-microbiome association may not resist host ageing as a unit. In case
such a transition occurs, the accuracy of a model where a host-
microbiome collective is considered as a unit of selection throughout
the entire lifespan of the hosts (as opposed to only from birth to the onset
of the selection shadow) will deserve to be questioned.

Furthermore, analysing the relationships between microbiomes and
hosts opens an even more fundamental kind of scientific issue. One may
wonder whether the ageing of some components within a multi-specific
association might contribute to the evolutionary success of that associ-
ation, hence whether ageing of a single part within a unit of selection
may constitute a critical feature for the persistence of the association. If
that were to be the case, trade-offs between the repair and maintenance
and the reproduction of multi-specific entities within a biological system
may be anticipated, generalizing a form of disposable soma theory to
systems of species. Indeed, the basic logic of the disposable soma theory
proposes that if a motif within a network of interacting parts takes on the
role of soma and another motif takes on the role of the germ line, then
the former should age and the latter should not, independent of the level
of biological organization. Consistently, a focus on molecular in-
teractions occurring within organisms or within associations (e.g., bio-
logical systems, holobionts, emerging from networks of interacting
components) may help comprehend the issue of modeling ageing across
scales. In other words, considering complex systems involving compo-
nents from multiple biological scales and from multiple species raises
the open issue of how the ageing at one level of organization constrains
ageing at another level of organisation, when both levels are function-
ally and evolutionarily integrated. However, currently, the ultimate
causes that rule the ageing host-microbiome collective, and more
generally the ageing of any evolved multispecific system, remain to be
characterized. In the case of hosts and symbionts, this latter issue invites
the development of model systems where the fitness of both host and
microbes can be experimentally tracked over the lifespan.

2.5. Open issues when measuring fitness

If fitness measures, i.e., measures of evolutionary success, are critical
to test hypotheses on the causes of ageing, quantifying the fitness of an
individual is however challenging, especially in an ecological and social
context.

The general notion of fitness indeed raises conceptual (what is it?) as
well as empirical issues (how to measure it?). Fitness is related to sur-
vival and reproduction, and often, to the probability distribution of
offspring. But people disagree about whether it is individual fitness or
trait fitness (Ariew and Lewontin, 2004) that counts in evolution;
whether fitness should be computed over one or more generations;
whether ecological fitness as the propensity to thrive in an environment
and population genetic fitness as the number of alleles left is identical; or
how to interpret the probability concepts involved in fitness (especially,
is it a propensity (Mills and Beatty, 1979) or not (Walsh, 2010)?), etc.
Given that ageing is commonly understood from the perspective of
fitness trade-offs, theoretical disagreements about fitness may impact
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theories of ageing.

Granted, given that population genetics and behavioral ecology have
developed positively, notwithstanding foundational disagreements over
the concept of fitness, one could think that these disagreements do not
matter in ageing theory either. However, the fact that trade-offs are the
key concepts here brings about new difficulties.

First, in AP, natural selection trades off survival later for reproduc-
tion now. It can be seen as a trade-off between current and later fitness,
provided that later survival means the possibility of having late off-
springs. However, estimating this trade-off presupposes that one knows
a discounting rate of fitness (i.e., how it decreases with time) — which
cannot be assumed as a universal discounting function. In contrast, the
discounting function is very probably itself under selection (Huneman,
2023).

With respect to social structures, Hamilton (Hamilton, 1964) defined
inclusive fitness of a behaviour as the sum of the fitness benefit brought
by the trait upon its bearer Xy, added to the fitness payoff brought to
each other organism in the group X;, mitigated by the relatedness be-
tween X and X; (See also (Birch, 2017)). This metric allows the fitness of
a trait to be assessed at the individual level in the context of a group.
However, there are theoretical issues with estimating and defining
relatedness (Grafen, 1985; Taylor and Frank, 1996), which is a measure
of the statistical correlation between X; and X at the locus involved in
the focal trait. Overall, relatedness allows one to compute how much is
the benefit of another individual X; in relation to the benefit of Xq. It can
be seen as a discounting rate (since the less related X; is from X, the less
important is this benefit to the genotype delivering it). Quantification of
the relatedness between individuals is therefore necessary to calculate
social discounting and time discounting in order to make sense of
trade-offs in the different theories of ageing, and to unify them in a
general theory. Without defining and calculating these rates, a unified
trade-off theory of ageing is implausible. Thus, a challenge for the field is
whether a unified theory of senescence as a result of fitness trade-offs
can be achieved or is even needed (Roget et al., 2022; Huneman, 2023).

In addition, as a given organism can interact in different selectable
ways with different sets of organisms over its lifetime, organismal ageing
can be affected by multiple selection forces. Typically, as discussed
above, an animal from a social species can be impacted by natural se-
lection (here for features of ageing that are not biased by sex), by sexual
selection (here for aspects of ageing that are sex-biased (Berg and
Maklakov, 2012; Bonduriansky et al., 2008; Clutton-Brock and Isvaran,
2007)), by kin selection (for features of ageing that depend from the
spatial structure of the population and the behaviour of organisms, i.e.,
care-giving, cultural transmission (Bourke, 2007; Lee, 2003), and
possibly also by selection on persistence, i.e., selection on organismal
survival independent of its reproductive success (Bouchard, 2008). This
last selection on persistence is expected to be particularly important to
the longevity of host-microbiomes associations or to clonally growing
organisms (Bouchard, 2014; Edgeloe et al., 2022). Thus, in addition to
determining which fitness value best models the evolution of ageing, it is
also an open issue to determine which kind of selection exerts the
strongest effects on which aspects of ageing over the course of an or-
ganism’s life. For instance, the strength exerted by natural selection due
to predation often decreases as an animal grows in size, while the in-
fluence exerted by kin selection on this animal may affect its ageing later
in life, if that eusocial organism provides care to the young. The ultimate
causes of ageing (and resistance to ageing by the evolution of longevity
programs) before and after the age of last reproduction are therefore
likely to be different and require age-dependent modelling.

Finally, one may even ask whether the central assumption of the
evolutionary theories of ageing, that there exists a selection shadow, is
always valid. For populations at equilibrium, Giaimo and Traulsen
(2022) have convincingly demonstrated that selection pressure must fall
and ageing evolves as long as mutations act age-specifically and do not
causally link mortality and fertility (Giaimo and Traulsen, 2022). Yet are
natural populations at equilibrium? On the species level, possibly,
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because if a species were not at equilibrium, it would either at some
point spread over the globe or go extinct with respectively positive or
negative growth rates, but some species may indeed be heading towards
extinction. Locally, however, natural populations may be alternating,
being in transition most of the time. In this case, these dynamics would
affect the evolution of ageing in natural populations. Accounting for
dynamic selection shadow would require extending, not just the
phylogenetic scope, but also the ecological scope of existing theories.

2.6. Measuring fitness in ecologically intricate communities

How does such complexity of selection dynamics play out for less
familiar units of selection, such as a tight functional multispecies asso-
ciation of a host and its resident microbes?

The effects on host lifespan of non-obligate, commensal microbes in
the gut are less clear as is the teleology. Work in Drosophila fruit flies has
shown that fly genotypes from high latitudes have a slower metabolism
than fly genotypes from lower latitudes (Schmidt et al., 2005; Walters
et al., 2020), which is reflected in a longer lifespan and longer survival
under starvation conditions (Walters et al., 2020). However, depending
on the specific gut microbes associated, the survival traits are impacted,
for instance in a trade-off between longer lifespan and higher fecundity
(Gould et al., 2018; Walters et al., 2020). Interestingly, high-latitude
flies are associated with bacteria that promote a slower metabolism
(lactic acid bacteria) and, conversely, lower-latitude flies are associated
with bacteria that promote a faster metabolism (acetic acid bacteria)
(Walters et al., 2020). When the fly genotypes and bacterial origins are
swapped, the bacteria can have dominant effects. Specifically, when
low-latitude bacteria were associated with high-latitude flies, and
high-latitude bacteria were associated with low-latitude flies, the
high-latitude flies had faster metabolism than the low-latitude flies
(Walters et al., 2020). Thus, gut bacteria can override the genetic pre-
disposition of their host with respect to survival traits. Future models of
trade-offs in aging will need to take into account this kind of complexity.

Interactions between bacteria within the host can also affect the
fitness traits of the host. Specifically, the trade-off between lifespan and
fecundity is modulated by bacterial interactions such that combinations
of acetic acid and lactic acid bacteria produce effects that are not
necessarily predictable by the effects of the individual bacteria mono-
associated with the fly (Gould et al., 2018). This was shown by combi-
natorial experiments where fly lifespan and reproduction was measured
for separate treatments of all species of bacteria found living in the fly
gut. By comparing, for instance, the flies associated with a single bac-
terium with flies associated with a pair of bacteria, the effect on the fly of
the interaction between the bacteria can be measured (Gould et al.,
2018). This complexity reflects emergent properties of the
host-microbiome association, whereby the interactions produce results
that are different from the sum of the individual parts. These observa-
tions provide examples of how the unit of selection in ageing-fitness is
not always clear because the fitness of the host and the symbionts cannot
always be cleanly disentangled. Indeed, experiments measuring lifespan
after removal of the bacteria indicate that while some bacteria set the
lifespan of the fly only when they are alive inside the fly, others precisely
trigger the death timing of their host even when the bacteria were
removed in middle age and the hosts maintained under axenic condi-
tions for the remainder of host life (Gould et al., 2018). Thus, the
problem of modelling the impact of emergent properties of the
host-microbiome association on host fitness and ageing is yet another
open issue.

The evolutionary question of how these associations evolved has
many grey areas. While it has been clearly argued that fitness is assessed
at the level of the organism (Dawkins, 1989), as mentioned above this
argument is couched in the context of populations of genetically similar
organisms, and what constitutes the best fitness measure is debated.
When very different organisms interact, each organism affects the
other’s fitness. For instance, the fitness of grass affects the fitness of
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rabbits that eat the grass. When microbes are in tight association with a
host, these unrelated organisms can be coordinated so tightly as to be
necessary for the survival of the other. Indeed, this is the case of many
sapsucking insects and their nitrogen-provisioning symbionts (Smith
and Moran, 2020). Sapsucking insects such as aphids maintain an obli-
gate  symbiosis with intracellular Buchnera bacteria for
nitrogen-provisioning. The titter of Buchnera varies by aphid lineage
with changes in gene expression that correspond to a metabolic
tug-of-war (Smith and Moran, 2020), and differences in symbiont load
affect the lifespan of the host (Ayoubi et al., 2020). Likewise, the
mitochondrion evolved from a once free-living bacterium. With
free-living bacteria that are not obligate symbionts, these bacteria often
maintain tight associations with a host for the mutual benefit of both,
and the maintenance of colonization genes in bacteria clearly argues
that the host environment selects on bacterial genes. Thus, the other
organism becomes a key environmental determinant of fitness.

In the context of high-diversity ecological communities, the com-
plexities of many interacting genomes affecting their bearers’ fitness are
another challenge. In this case, one can liken the interaction of genomes
to the interaction of genes in what is known as genetic epistasis. The
epistasis framework has been extended to higher-order interactions,
which accounts for the complexities of many interacting genetic loci
(Beerenwinkel et al., 2007). Similarly, bacterial chromosomes can be
considered as genetic loci. Thus, frameworks for dissecting higher-order
epistatic interactions between genes could be modified to encompass
higher-order interactions between bacterial species, and some progress
has already been made on this front (Eble et al., 2021, 2019).

This ecological approach constitutes an important research direction
that may enhance theories of ageing. To use an analogy, flight has long
been hypothesized to explain the long lifespan in bats and birds
compared to species of comparable body size that do not fly. Flight can
be seen as a structural factor but can also be interpreted in the context of
ecological niches. How ecological niches affect whether species age or
not remains underexplored. Two models, one for the freshwater polyp
hydra (Baudisch and Vaupel, 2010) and one for trees (Seymour and
Doncaster, 2007) highlight two separate mechanisms for how negligible
ageing could evolve based on available and favorable niches. Ecological
niche explanations point directly to the argument of the holobiont,
because microbes could be modeled as the ecological niche of the host
(and reciprocally so). Future models may involve trade-offs between
survival and reproduction of microbes and their hosts to deduce optimal
ageing patterns for the whole host-microbe system. For example, para-
sitic load may drive ageing, like what has been observed in HIV. An
infection and thus the interaction with a microbial species often changes
the Kaplan-Meier survival curve for the host. As the immune system
needs time to develop, this may explain u-shaped patterns of mortality,
where death rates are highest in juveniles and older adults. Including
ecological niche arguments and species interactions could reveal new
patterns of ageing (Baudisch and Vaupel, 2012). In particular, ageing
patterns in taxa for which the distinction between growth and repro-
duction is not easily marked (i.e., all organisms undergoing asexual
fission such as prokaryotes) might turn out to be diverse once these
species are viewed as part of an entangled net of interactions among
organisms and species, rather than separately evolving entities.

3. Enhancing the evolutionary analyses of systemic aspects of
ageing

As we have seen above, traditional theories of ageing tend to treat
the ageing organism as a ‘unit of ageing’, but this ‘unity”’ is not obvious.
We mentioned that this was the case because no organism lives alone
and possibly ages alone, when discussing the consequences of the fact
that organisms belong to ecological networks. In addition, even within
organisms, inner networks may not be ageing in a unitary way, at similar
paces and rates, as proposed for instance in germen line cells and so-
matic cells. Some important open issues about the evolution of ageing
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may therefore also require investigating the impact of surrounding and
of nested systems on organismal ageing. In short, original analyses of
biological/molecular interactions that take place within (not only be-
tween) organisms are probably needed to better connect observations
gathered from multiple research fields, such as molecular and microbial
-omics, raising issues about ageing at the interface of systems biology
and evolutionary biology.

3.1. Bridging the gap between evolutionary theories on organismal ageing
and data from other biological scales

Definitions of ageing and mechanisms of current theories cross scales
from genetic to physiological to demographic. On the demographic or
‘actuarial’ level, ageing is defined by the increase of mortality with adult
age. This definition is then extended by a causal statement that the in-
crease in mortality results from increasing dysfunction on the physio-
logical level. For instance, modeling the impact of emergent properties
of the host-microbiome association between acetic lactic bacteria, lactic
acid bacteria, and Drosophila described above (Gould et al., 2018) on
host ageing is coupled to a second, mechanistic question: what physio-
logical changes were made in the host to produce this lifespan modu-
lation? In that case, it has been observed that colonization modifies host
tissues. Lactobacilli have been documented to increase the mucosal
thickness of the mouse colon upon colonization (Ahl et al., 2016). A
similar expansion of a gut niche is observed in Drosophila, where a strain
of Lactiplantibacillus plantarum binds the foregut and expands the niche
for other commensal bacteria (Dodge et al., 2023). Colonization by
lactobacilli has been shown to reduce infection and progression of dis-
ease by a variety of viral and bacterial pathogens (Britton and Young,
2014; Eaton et al., 2011; Heeney et al., 2018), establishing that
commensal bacteria in the gut modulate host traits with implications for
host fitness. The key point here is that, if evolution selects variants based
on demographic outcomes, that is, surviving offspring and alive or dead
parents, the causes of reproduction and survival are invisible and
selected “under the hood”. Importantly, different combinations of causes
could lead to the same outcome (Wensink et al., 2014a). A specific single
cause might only be selected for or against given the presence of other
causes. The diversity of causes results from the many organs, organ
systems, and microbial species interacting in the body, each of them
with its own rate of ageing (Nie et al., 2022), which together contribute
to a focal individual rate of ageing. Thus, key theories to explain the
evolution of aging (MA, AP) rely on genetic mechanisms to deduce
resulting patterns of mortality over age, while creating a large gap be-
tween mechanisms and outcomes.

For the ultimate outcome of death, ageing rates can only be calcu-
lated on the population level as number of deaths per number of in-
dividuals at risk. Recent theoretical innovations in formal demographic
theory (Vaupel, 2022) open new ways to deduce individual rates of
ageing from the population rate of ageing. This will be vital to eventu-
ally connect empirical measurement of ageing across scales. “Ageing
under the hood” is especially relevant for species that exhibit apparently
negligible or negative actuarial ageing, despite the underlying process of
physiological ageing (Rera et al., 2012). This mismatch of types of
ageing on different levels of biological organization has been demon-
strated for the common weed Plantago lanceolata (Roach and Gampe,
2004; Shefferson and Roach, 2013), and is indicated by anecdotal evi-
dence for individual tortoises and turtles living in zoos who exhibited
typical signs of ageing (loss of senses, death by heart attack) (Austad and
Finch, 2022), yet population level data for the respective species show
no sign of ageing in the pattern of mortality (da Silva et al., 2022; Reinke
et al., 2022).

Another example stresses the need to expand theories and connect
them with empirical knowledge on trade-offs, inspired by systemic
considerations. Theories argue that life history evolution critically de-
pends on life history trade-offs. Without them, a framework that treats
age-specific survival and reproduction independently (Hamilton, 1966)
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inevitably leads to ageing as the only evolutionary stable strategy
possible (Giaimo and Traulsen, 2022). This contrasts with the observed
diversity of ageing patterns across the tree of life (da Silva et al., 2022;
Reinke et al., 2022; Roper et al., 2021), which is not predicted by
existing theories based on the decline in the age-specific force of selec-
tion (Hamilton, 1966; Kirkwood, 1977; Medawar, 1952; Williams,
1957). What is missing?

Mutation Accumulation theory (Medawar, 1952) is a purely
nonadaptive theory and predicts inevitable ageing. Could this theory
predict negligible or negative senescence? MA could possibly predict
negligible senescence, if empirical evidence would reveal that genetic
effects would not be age-specific but lower or rise mortality at all ages in
a similar manner. Mutations in such genes would be under the same
selection pressure across ages with no escape into any shade of selection.

Antagonistic Pleiotropy theory (Medawar, 1952; Williams, 1957)
evokes the notion of trade-offs, but specifically only among early life and
late life. With selection pressure declining over age, this trade-off favors
early life benefits at the expense of late life costs, and thus ageing. Other
types of trade-offs, however, are possible and have been shown to allow
for the evolution of non-ageing (Baudisch and Vaupel, 2010; Vaupel
et al., 2004; Wensink et al., 2014b). Such evolutionary demographic
models make the general case for a diversity of ageing patterns,
including negligible and negative senescence as evolutionary optimal
life history strategies (Baudisch and Vaupel, 2012). They highlight that
including alternative trade-offs is a promising extension to existing
theories. But existing models are too general to fit empirical data. They
do not predict a specific type of ageing for a specific type of species. How
can modelers develop more realistic trade-off models? How can models
capture ageing in a specific taxon? How can basic principles and de-
terminants of ageing be identified to improve existing theory? Shapes of
trade-offs are known to be notoriously difficult to quantify empirically
(Roff, 2001; Stearns, 1992). Still, future theories will have to integrate
trade-offs more thoroughly (Omholt and Kirkwood, 2021). And possibly,
to understand how these trade-offs act, one should also unravel the
molecular processes upon which they rely.

Of note, the disposable soma theory (Kirkwood, 1977) does not only
include the notion of trade-offs. Additionally, it also rests on a structural
argument, the division of the soma and the germ line. For species with
such a separation, it predicts that ageing is inevitable. For species with
no such separation, it would seem to predict the absence of ageing, such
as for unicellular organisms. Yet, E. coli for example, show ageing
(Lindner et al., 2008), contradicting that interpretation of the theory.
Ageing in E. coli emerges from a mechanistic process of asymmetric
damage accumulation during cell growth and division. Arguably, other
unicellular organisms with a different mode of growth (new material
added at the edges, division in the middle leading to random attribution
of damage to either one of the daughter cells) may not result in a
comparable ageing lineage, but see (Teuliere et al., 2020) for the view
that ageing is likely to be general across unicellular organisms. What is
critical here is that systemic considerations on the role of structure, e.g.,
organismal structure, remains generally underexplored in existing the-
ories of the evolution of ageing, whereas they would reduce the gap
between theories and mechanisms of ageing.

Granted, organismal (and possibly other?) structure defines costs of
growth and repair, e.g., modular structure allows for efficient replace-
ment growth of damaged structure by “throw away and grow new”
(Baudisch, 2008). It constrains possible modes of reproduction (e.g.,
asexual vs sexual), and it affects the environmental hazard of death, e.g.,
by the presence of absence of protective, defensive, or escape structures
such as shells, poison, or the ability to fly. Organismal structure also
dictates a potential future increase in reproductive output, e.g., if body
size is proportional to the number of eggs or seeds produced, such as in
many fishes or trees. However, organismal structure is underexplored
and under-exploited and could be a key dimension to answer why some
species age and others not (Cohen et al., 2022). More generally speaking,
there is growing evidence that our understanding of the systemic
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components of mainstream evolutionary theories of ageing can be
further elaborated to better explain the theoretical and mechanistic
foundations of the evolution of ageing.

3.2. Unravelling the genetic pathways associated with longevity and
ageing

Molecular pathways associated with ageing and longevity are
another quite natural starting point to try to connect mechanisms of
ageing and theories of ageing from a systemic perspective. With the
advent of -omics and network sciences, the molecular organisation of
these systems is progressively coming within scientific reach, and in-
teractions within and between ageing organisms can be further deci-
phered. Typically, evolutionary biologists can contribute to identify
some pathways associated with ageing and longevity while making
some hypotheses regarding their origins and their eventual role in
driving ageing (de Magalhaes et al., 2009; Li and de Magalhaes, 2013).
Yet, this apparently straightforward research program brings forth
various exciting open issues.

A first intuitive approach to tackle the issue of the evolution of
ageing and longevity associated pathways requires to achieve a
comprehensive survey of these pathways, in some model species at least.
This however actually constitutes a remarkable challenge. For instance,
there is a 100-fold variation of longevity across mammals (Tacutu et al.,
2018), but the number of genes involved in these differences in organ-
ismal longevity are unknown. State-of-the-art methods of genomics and
molecular evolution provide valuable strategies to identify some genes
with remarkable features that correlate with longevity, e.g., genes under
positive selection or highly duplicated in long-lived taxa but not in
short-lived taxa for high quality genomes (Doherty and de Magalhaes,
2016; Farré et al., 2021; Foley et al., 2018; Gorbunova et al., 2014;
Irving et al., 2021; Kacprzyk et al., 2021; Keane et al., 2015; Kolora
et al., 2021; Li and de Magalhaes, 2013; Orkin et al., 2021; Sahm et al.,
2018; Tejada-Martinez et al., 2022; Toren et al., 2020). Interestingly, so
far, such methods have reported little overlap in the gene families
associated with longevity across mammalian species (Farré et al., 2021).
As longevity is predicted by the classic Darwinian theory to be an
organismal trait that can be selected for, and can therefore be at least
partly genetically programmed, this limited genetic overlap between
mammalian species may be reasonably explained if different pop-
ulations and different species underwent different evolutionary histories
because their genes were subjected to distinct selective pressures. An
alternative may however be that our methods of detection of longevity
genes and genome data quality are still somehow limited. Furthermore,
if confirmed, this apparent heterogeneity between the sets of longevity
and ageing-associated genes across mammalian species (not to mention
even more distantly related groups of Opisthokonta (Teuliere et al.,
2022)) opens the possibility that mutations with effects on longevity or
ageing impact similar functional pathways (if not of the same genes), i.
e., DNA damage response, protein homeostasis, etc., and that the evo-
lution of longevity and ageing remains largely convergent over large
evolutionary scales (Farré et al., 2021; Muntané et al., 2018; Treaster
et al., 2021). Thus, aging -omics analyses across different animals have
notably convergently implicated immune and inflammatory processes
(Benayoun et al., 2019). Technical developments to make genomics
more predictive of longevity- and ageing-associated genes across a broad
range of species must still be explored before more definite conclusions
can be reached.

Interestingly however, this methodological challenge has already
paved the way for alternative approaches to predict longevity and
ageing associated genes through the development of network ap-
proaches that explicitly take molecular interactions into account. Thus,
in the past twenty years, some ageing studies have tried to identify, not
only the molecular components of pathways associated with ageing and
longevity, but also the molecular interactions that compose these
pathways (Bell et al., 2009; Budovsky et al., 2007; Ferrarini et al., 2005;
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Fortney et al., 2010; Promislow, 2004; Tejada-Martinez et al., 2022;
Wang et al., 2009; Witten and Bonchev, 2007; Zhang et al., 2016). These
kinds of studies have the potential to enhance both the mechanistic
understanding of how these pathways work but also the ability to pre-
dict novel genes and pathways associated with ageing and longevity
from interactomics data (Avelar et al., 2020; de Magalhaes and Tous-
saint, 2004; Managbanag et al., 2008; Tacutu et al., 2012; Wuttke et al.,
2012), thus fleshing theories of ageing with new molecular evidence.
The biological open issues are not only whether we have missed critical,
highly central genes involved in ageing and longevity but also whether
such molecular interactions are possibly evolutionarily conserved and
critical for ageing, thus with high translational potential (Teuliere et al.,
2022).

In short, these network approaches start from experimental pre-
dictions that identify sets of genes regulating longevity or ageing, such
as those forming the mTOR nutrient-sensing signalling network, using
genetically modified model organisms and lifespan assays (Kenyon,
2010; Papadopoli et al., 2019; Templeman and Murphy, 2018). Some of
these longevity and ageing-associated genes (LAGs) can even be further
classified as pro- or anti-longevity according to the lifespan phenotypes
resulting from their genetic loss or gain of function in model organisms
(Kenyon, 2010; Tacutu et al., 2018). Next, protein-protein interaction
(PPI) networks, reflecting the sum of all known interactions in the
proteome of an organism, or interactome, and, as we will see below,
gene co-expression networks (GCN) based on transcriptomic data, can
be used to understand how LAGs interplay to influence, accelerate or
delay ageing in organisms. For instance, proteins encoded by LAGs from
model organisms such as Saccharomyces cerevisiae and Drosophila mela-
nogaster were shown to be significantly central, connected proteins in
PPI networks (Fernandes et al., 2016; Promislow, 2004; Tacutu et al.,
2018), displaying higher node degree (the number of connections per
proteins in the network) than other non-ageing or
non-longevity-associated proteins. These metrics were interpreted as a
proxy for functional pleiotropy, in support of the AP evolutionary theory
of ageing (Promislow, 2004) (Teuliere et al., 2022).

Assuming strong conservation between LAGs in human and model
organisms, human longevity networks, defined by the protein-protein
interactions between longevity- and ageing-associated proteins (LAPs)
have also been constructed, and mechanistically connected to age-
related diseases (ARD) (Bell et al., 2009; Budovsky et al., 2007; Wang
et al., 2009; Zhang et al., 2016). From the analysis of the pro- and
anti-longevity genes in four model organisms recorded in the GenAge
database, the overlap between LAGs and ARD has been further analysed,
and the centrality of LAPs in PPI networks confirmed, indicating such
LAPs regulate fundamental processes (Fernandes et al., 2016; Tacutu
et al., 2018). Moreover, Fernandes et al. have also showed that pro- and
anti-longevity proteins are intertwined in the interactome of the worm
Caenorhabditis elegans (Fernandes et al., 2016). Such an intertwining of
LAPs with opposite effects on longevity in interactomes was used to
suggest that evolutionarily conserved, fine-tuned molecular interactions
are involved in regulating organismal lifespans (Teuliere et al., 2022).

Although these previous investigations of ageing processes at the
systemic level have been performed using interaction networks, whether
other aspects of interaction network topologies and other network
metrics convey untapped sources of information related to ageing pro-
cesses is another question to be addressed. For example, PPI network
comparisons offer a still underexplored research direction to unravel the
evolutionary history of ageing processes by uncovering evolutionarily
conserved interactions between a much broader set of species than
currently investigated (Teuliere et al., 2022). A generalized and inter-
disciplinary comparative strategy, coined phylosystemics or evosyste-
mics, based on the addition of evolutionary knowledge (i.e., from
orthology) onto nodes and edges of interaction networks, has been
recently proposed to perform such comparative and predictive analyses
(Teuliere et al., 2022; Watson et al., 2020). Using evosystemics ap-
proaches, not only conserved but also undescribed ageing-associated
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processes can be predicted using a process of guilt-by-association in
networks (Teuliere et al., 2022). For example, additional LAPs and in-
teractions, including medically relevant and/or potentially druggable
human genes, can be predicted by identifying proteins with similar
neighbours to known human LAPs, using the Jaccard index measure to
compare ancestral PPI networks or PPI networks from various extant
species (Teuliere et al., 2022). How many new longevity or ageing
associated pathways could still be unravelled by an even more system-
atic use of evosystemics approaches across the Tree of Life is therefore an
exciting open issue.

In addition, transcriptomic data, which provide proxies of gene
expression in organismal cells or tissues, bring forth additional questions
regarding the evolution of ageing and longevity associated pathways.
First, transcriptomic data can be used to unravel more components of
longevity or ageing associated pathways (Baumgart et al., 2016; Chiou
et al., 2022; Huang et al., 2019, 2016; Somel et al., 2010; Southworth
et al., 2009). For example, comparative transcriptomic analyses can in
principle serve to establish what genes are both more expressed in
long-lived organisms and less expressed in short-lived organisms, a
pattern suggestive of their conserved association with enhanced
longevity. In theory, such opposite patterns of gene expression for taxa
with different lifespans could be systematically detected for increasingly
phylogenetically divergent sets of taxa, starting with closely related taxa
with opposite lifespans, e.g., within bats and then beyond that lineage.
However, one methodological challenge must be addressed to move
decisively in this direction: longitudinal transcriptomic data must be
acquired from organisms with high quality reference genomes, for
which molecular biomarkers of ageing can get extracted, ideally through
non-lethal sampling in nature.

Moreover, although transcriptomic studies conducted within a focal
lineage have provided evidence that gene expression demonstrably
changes during ageing (Chiou et al., 2022), the inferential power of
transcriptomic studies can also be further enhanced using network an-
alyses. Unravelling how gene co-expression patterns change with
ageing, and whether these co-expression changes show some remarkable
regularities is far less understood and appears as a scientifically
under-explored path to connect general theories of ageing to actual
mechanisms (Bernard et al., 2022; Ferreira et al., 2021; Pacifico et al.,
2018; Southworth et al., 2009). First, gene co-expression analyses pro-
vide a holistic overview of the molecular processes associated with
aging. Second, unravelling regularities on gene co-expression would
allow to address major fundamental and practical issues.

As a special case of antagonistic pleiotropy, it has been proposed that
programs selected for a given purpose early in life may show deleterious
effects later in life, causing organismal ageing, due to a lack of selection
to turn off the late expression of these programs (Blagosklonny, 2006;
Gems, 2022). In other words, quasi-programs would be predicted in-
stances of antagonistic pleiotropy. Yet, which quasi-programs are indeed
involved in human ageing (and beyond our species) has not yet been
systematically explored. Network analyses of transcriptomes may help
unravel candidate quasi-programs as sets of proteins (or genes) that
remain constitutively co-expressed with age.

It may be worth noting however that because multiple versions of
antagonistic pleiotropy are used in the field of ageing studies, there may
be multiple kinds of quasi-programs in ageing organisms. To begin with,
antagonistic pleiotropy typically occurs when a given gene has two
distinct effects over time. On the one hand, antagonistic pleiotropy can
thus be invoked to explain when in life gene expression exerts a positive
effect versus none. On the other hand, antagonistic pleiotropy can pro-
duce a situation where a given gene has a positive effect early in life then
a negative effect later in life. More generally, either the same effect shifts
from positive to negative (such as Williams’ example of a gene
increasing bone calcification), or a gene can have two distinct effects due
to its interactions with other genes that change over the lifespan, causing
first positive effects, then negative ones. Therefore, the term 'antago-
nistic pleiotropy’ covers distinct situations, both in terms of the relation
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between fitness magnitudes, and the characterization of pleiotropy. It is
currently unknown which kinds of antagonistic pleiotropy and of quasi-
programs prevail in different ageing organisms.

In addition, unveiling regular tissue-specific gene co-expression may
hint at tissue-specific clocks, whereas unveiling regular gene co-
expression with ageing shared between tissues may hint at tissue-
extrinsic clocks: systemic mechanisms measuring the passage of time
in organisms. Unraveling such “orchestral” clocks, responsible for
structuring the successions of specific biological processes, typically by
regulating the (absolute or relative) temporal order of gene expression in
organisms, could make a big difference in our understanding of the
evolution of ageing. Thus, developmental biologists are familiar with the
notion that some developmental programs very likely contribute to in-
dividuals’ development, from birth to maturation to the adult age.
Whether some programs may lead individuals throughout various stages
of their lives, typically beyond their age of sexual maturity and possibly
until their deaths, is of course much debated (Rando and Chang, 2012).
This is a major issue. As noted by T. Kirkwood: “the case for a central
clock is weakened, however, by the evolutionary arguments that point to
the gradual loosening, and eventual disappearance, of genetic control
over the late stages of the lifespan” (Kirkwood, 1997). Yet, importantly,
for MA (and to some extent AP) to explain ageing over the entire course
of an organism’s life, it is constitutive to these theories that some genes
can be late-expressed (Medawar, 1952; Williams, 1957) with some
regularity. Still, these theories do not explain how such a regular late
expression is possible, especially if the organism’s functionality,
including its capacity to enforce a regulatory clock, reduces during the
selection shadow. Thus, these traditional evolutionary theories of ageing
raise an issue that is still open: are there ‘orchestral programs’ that can
constrain how gene expression, gene co-expression, and ageing
trade-offs unfold over the lifespan to which systemic analyses may
answer?

There are several tentative examples to back up the idea that
“orchestral” pathways may exist. Thus, a remarkable unpublished work
by Horvath et al. (Consortium et al., 2021) reports that DNA methylation
profiles set at birth can predict both the age of an individual organism
and the longevity of its species across animals. The phylogenetic depth
of such predictions is striking and suggests that a deep, conserved
connection exists between aspects of ageing and biological develop-
ment, as proposed by (de Magalhaes, 2012). What developmental pro-
cesses may set the pace of ageing based on epigenetics is currently
unknown and is a fascinating challenge (Raj and Horvath, 2020).
Unveiling this connection is not going to be easy, even by relying on
epigenetic clocks, because while such clocks (which are computational
models, usually a machine learning model like elastic net or LASSO) are
fascinating biomarkers of ageing (Bernabeu et al., 2023), it remains to
be determined if their inputs (DNA methylation sites that become hypo-
or hyper-methylated with age) are causally impactful and result in
ageing or are simply downstream effects of other processes.

Here as well, the development of new network analyses may help to
tackle this issue. Via developmental programs, natural selection is ex-
pected to constrain, hence to introduce some homogeneity in the order
of expression of some biological processes at least until individuals reach
sexual maturity. By contrast, the expression of biological processes
should become more heterogeneous within older conspecific in-
dividuals, when natural selection weakens. Indeed, if ageing is not under
selection, significantly fewer common biological processes should be
detected across networks from older individuals than across networks
from younger individuals. However, observing some (or lots of) com-
mon biological processes typically associated with older ages, and
potentially associated to age-related diseases, would be compatible with
either i) the existence of some ‘orchestral programs’ over the entire
lifespan of individuals, or ii) with the (deleterious) continuation of
developmental programs past the growth phase, aka quasi-programs.
Data are now available to tackle this issue for diverse mammalian spe-
cies, and rich information about the temporal order of expression of
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biological processes over individuals’ lifetimes will increasingly be
deducible from analyses of interaction networks, constructed from
transcriptomic data from conspecific individuals at different ages (Ber-
nard et al., 2022). Consistently, it becomes an open issue to know
whether conspecific individuals universally express at least some critical
biological processes in similarly ordered successions as they age (as
suggested in (Chiou et al., 2022)). This in turn would open a new, pre-
dictable intriguing question: are such ‘orchestral programs’ phyloge-
netically conserved? And can such tissue-specific ‘orchestral programs’
or tissue-specific quasi-programs explain some of the heterogeneous
ageing rates observed between organs within organisms (Nie et al.,
2022)?

Likewise, differences in regular co-expression between males and
females would show what tissues, in each sex, age fastest (i.e., which
tissues present changes in their typical gene co-expression networks
earlier in life), raising questions about sexual selection and these ageing
mechanisms. Finally, longitudinal analyses of gene co-expression could
show whether ageing is associated with the regular co-expression of age-
associated diseases and which ones, uncovering mechanistic connec-
tions between age-associated diseases and calendar ageing (Avelar et al.,
2020; Fernandes et al., 2016; Rera et al., 2012), further questioning
whether ageing deserves to be considered as a disease.

Overall, approaches involving the comparison of longitudinal series
of gene co-expression networks within and/or between species can
enhance evolutionary theories of ageing, because they are informative
both on the proximate and the ultimate causes of ageing. GCNs com-
parison within a species can indeed determine i) how ageing occurs (e.
g., what sets of co-expressed genes are age-specific); ii) when ageing
occurs (e.g., which age classes present altered co-expression patterns
with aging); and iii) suggest some causes that may drive regular changes
in co-expression during ageing (e.g. when evidence of selection recorded
in the networks decrease past a given age as a result of the selection
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shadow, or when differences in network structure between sexes suggest
the impact of sexual selection) (Bernard et al., 2022). Developing GCN
comparison between species can further unravel conserved proximate
and ultimate causes of ageing.

4. Conclusion

We provided some selected examples to show that the evolution of
ageing across the Web of Life is not so well-understood (Fig. 1) in terms
of the conserved genetic determinants of ageing and their evolution.
Although our review could not possibly be exhaustive, these examples
were sufficient to argue that even for very well-studied extant species,
many open issues remain.

Some issues are related to the mosaic nature of evolved entities/
mechanisms:

- What are the multi-specific origins of ageing? of inflammageing?

- What is the relative contribution of nuclear, organellar, and micro-
biome genomes in the ageing of multicellular eukaryotes?

- Do endogenous viruses contribute to host ageing and longevity
across the Web of Life?

- Do some aspects of human ageing result from the reticulate history of
our lineage that involved hybridization with members of Nean-
derthalian or Denisovian tribes?

- What are the age-distorters of humans, the age-distorting genes, and
the targets of these genes, if any?

Other issues are related to the context-dependence of ageing:

- What are the loads of age-distorters in natural populations and their
impact on ageing organisms, if any?

Systemic perspective

Traditional models

- Deeper origins of ageing ?
- Multispecific origins of age-related traits,
e.g., inflamm-ageing ?

Social interactions

Ageing within populations '

- Social ageing via kin selection and
labor division
from microbes to humans ?

- Discovery of evolutionary conserved and central

- Discovery of genetic regulations late in life ?

- More realistic modelling of trade-offs ?
- Modelling of ageing across scales ?
- Connecting theories of ageing to
mechanisms ?

ageing genes and pathways ?

Unit of selection debates

Interspecific interactions

- Mechanisms of age-distorsion ?
- Role of endo-viruses ?
- Emergent symbiotic properties on host fitness ?
- Ageing patterns for the whole host-microbe system ?

- Ontology of ageing individuals ?
- Best fitness measures ?
- Age-dependent
interplay of multiple selections ?

Fig. 1. Visual summary of some key sources of open issues about the evolution of ageing. The classic evolutionary theories of ageing are collectively highlighting
numerous important issues about the evolution of ageing (yellow bulb), but several open issues (in black font, under lighter bulbs, in the grey area) could benefit from
embracing a plurality of additional perspectives (in orange font, over the lighter bulbs). Embracing these perspectives more systematically could ultimately highlight
several reticulate dimensions of the evolution of organismal ageing, consistently with a rich scientific literature showing that organismal ageing is affected by in-
teractions from diverse biological systems surrounding the ageing organism and by interactions from biological systems nested within the ageing organism.
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- How does social life affect ageing and ageing-associated gene
expression?

- Does social life affect organismal ageing outside the animal
kingdom?

- Do ‘social microbes’ age in a special way, involving reproductive
labour division?

- Does biofilm formation reflect socially-structured ageing?

- Did multicellular eukaryotes inherit phylogenetically ancient pro-
cesses associated with cellular ageing in a social context?

Other issues concern the systemic nature of evolved entities/
mechanisms:

- Do non-canonical units of selection exist in ageing, e.g., multispecies

associations of a host and its resident microbes?

How does host ageing and selection shadow impact the ageing of the

microbiome, and reciprocally, how does microbiome ageing affect

host ageing?

- Can a host-microbiome collective be modelled as a unit of selection
throughout the entire lifespan of the host, or does that kind of
modelling fall short in the case of a selection shadow?

- How does the ageing at one level of organization in a system
constrain the ageing at another level of organisation?

- When did constitutive components of ageing systems appear, and
when did they start to interact?

- How many genes are involved in the differences in organismal
longevity across the Tree of Life?

- How many molecular interactions are involved in the differences in

organismal longevity across the Tree of Life?

What are the stochastic mechanism(s) that trigger the transition from

a lively E. coli cell to a dying cell?

Finally, other issues bear on more theoretical aspects of ageing
studies:

- Can ecological notions of individuality benefit studies on the evo-
lution of ageing?

- Which kind of selection exerts the strongest effects on key aspects of

ageing over the course of an organism’s life?

Can a unified theory of senescence as a result of fitness trade-offs be

achieved or is this notion fraught?

Can frameworks for dissecting higher-order epistatic interactions

between genes be modified to encompass higher-order interactions

between bacterial species that explain ageing?

Would consideration of ecological niches and species interactions

reveal more than the currently described three main patterns of de-

mographic ageing?

For natural population not at equilibrium, is a selection shadow al-

ways observed?

Can the difference in scales between genetic, physiologic, de-

mographic data be bridged to develop more realistic trade-off

models?

- Could the consideration of organismal structure improve existing
evolutionary theories of ageing?

- Can new network metrics be developed to convey information about

ageing and its evolution in the context of interactions?

Can candidate quasi-programs be systematically detected?

Which kinds of antagonistic pleiotropy and of quasi-programs pre-

vail in ageing organisms?

Do some ‘orchestral programs’ unfold over the lifespan of organisms

with some regularity in spite of the selection shadow?

What developmental processes, if any, set the pace of ageing? Does

this suggest a mechanistic and evolutionary connection between

developmental processes, epigenetic changes and ageing?

In the light of the diversity of these open questions, some most
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respected authors proposed that developing a new paradigm on ageing
may be fruitful (Gems and de Magalhaes, 2021). This may indeed be a
good idea. From a philosophical viewpoint, it is interesting to note that,
with the advent of evolutionary biology, the philosophical tradition that
provided the most intuitive framework to explain ageing fundamentally
already changed once during the history of ageing studies. Namely,
there was a shift from the tradition of Providentialism, as ancient as
Aristotle, which explained ageing as a price to pay to sustain the econ-
omy of Life, to a tradition of Contingency, according to which the ageing
process was likely better explained as a form of “evolutionary neglect”,
as illustrated by the traditional forms of MA, AP and DS. While in the
scientific community, the Providentialistic view of ageing was arguably
supplanted by the Contingency view of ageing, some ongoing debates,
for example around the notion of “programmed ageing”, assess that
these two traditions can still, to some extent, conflict in the ageing field
(Huneman, 2023). Yet, this conflict is probably no longer the critical
root cause for the lack of consensus observed (Cohen et al., 2020). But
could there be a single new paradigm about ageing?

Our review shows that current evolutionary explanations of ageing
still face several grey areas and could be expanded by tracking func-
tional interactions beyond diverging lineages, social interactions and
labour division within populations or systems, and possibly by
acknowledging a plurality of explananda and of explanans (e.g., an
alternative way to measure fitness within natural communities,
including social and spatial discounting of fitness; the existence of
alternative accounts of antagonistic pleiotropy; the multiplicity of
ageing individuals/systems that could evolve; the phylogenetic diversity
of pathways associated with organismal ageing and longevity across the
Web of Life; and the differences in senescence patterns between species,
etc.). As such, our review asks a final open question: might the search for
a new paradigm lead to a new major shift in epistemic tradition? By
bringing multiple open issues about the evolution of ageing under
further scrutiny, is the ageing field moving from the Providentialistic
and Contingency traditions, towards a Pluralistic view of ageing?

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability
No data was used for the research described in the article.
Acknowledgements

We thank 2 anonymous reviewers for their useful comments. PH is
supported by the Labex ‘Who I Am’ and the AgePhiBio project from Paris
I Patheon - Sorbonne. J. Teuliere was supported by an Emergence grant
(EMERG-ESPA) from Sorbonne Université to E. Bapteste. E. Bapteste
benefited from a grant ATM MNHN 2022. LK is supported by the ERC
grant resiliANT 741491 from the H2020-EU.1.1. - EXCELLENT SCIENCE
- European Research Council (ERC) program. ECT is supported a Science
Foundation Ireland Future Frontiers 19/FFP/6790. AL thanks the Axa
Foundation Chair on Longevity. AB is supported by the ERC Grant Born
Once - Die Once 101043983 from the ERC-2021-COG program. WBL is
supported by NSF grants I0S 2032985 and 2144342, NIH grant
R01DK128454, Scialog award 27912 from the RCSA and the Allen
Foundation.

References

Ahl, D., Liu, H., Schreiber, O., Roos, S., Phillipson, M., Holm, L., 2016. Lactobacillus
reuteri increases mucus thickness and ameliorates dextran sulphate sodium-induced
colitis in mice. Acta Physiol. Oxf. Engl. 217, 300-310. https://doi.org/10.1111/
apha.12695.


https://doi.org/10.1111/apha.12695
https://doi.org/10.1111/apha.12695

E. Bapteste et al.

Ariew, A., Lewontin, R.C., 2004. The confusions of fitness. Br. J. Philos. Sci. 55, 347-363.
https://doi.org/10.1093/bjps/55.2.347.

Austad, S.N., 2010. Methusaleh’s zoo: how nature provides us with clues for extending
human health span. J. Comp. Pathol. 142, $10-S21. https://doi.org/10.1016/j.
jcpa.2009.10.024.

Austad, S.N., Finch, C.E., 2022. How ubiquitous is aging in vertebrates. Science 376,
1384-1385. https://doi.org/10.1126/science.adc9442.

Austad, S.N., Fischer, K.E., 1991. Mammalian aging, metabolism, and ecology: evidence
from the bats and marsupials. J. Gerontol. 46, B47-B53. https://doi.org/10.1093/
geronj/46.2.b47.

Avelar, R.A.,, Ortega, J.G., Tacutu, R., Tyler, E.J., Bennett, D., Binetti, P., Budovsky, A.,
Chatsirisupachai, K., Johnson, E., Murray, A., Shields, S., Tejada-Martinez, D.,
Thornton, D., Fraifeld, V.E., Bishop, C.L., de Magalhaes, J.P., 2020.

A multidimensional systems biology analysis of cellular senescence in aging and
disease. Genome Biol. 21, 91. https://doi.org/10.1186/513059-020-01990-9.

Ayoubi, A., Talebi, A.A., Fathipour, Y., Mehrabadi, M., 2020. Coinfection of the
secondary symbionts, Hamiltonella defensa and Arsenophonus sp. contribute to the
performance of the major aphid pest, Aphis gossypii (Hemiptera: Aphididae). Insect
Sci. 27, 86-98. https://doi.org/10.1111/1744-7917.12603.

Bapteste, E., Huneman, P., 2018. Towards a dynamic interaction network of life to unify
and expand the evolutionary theory. BMC Biol. 16, 56. https://doi.org/10.1186/
s12915-018-0531-6.

Bapteste, E., Lopez, P., Bouchard, F., Baquero, F., McInerney, J.O., Burian, R.M., 2012.
Evolutionary analyses of non-genealogical bonds produced by introgressive descent.
Proc. Natl. Acad. Sci. 109, 18266-18272. https://doi.org/10.1073/pnas.12065411
09.

Barker, G., Desjardins, E., Pearce, T., 2013. Entangled Life: Organism and Environment
in the Biological and Social Sciences. Springer, Dordrecht.

Baudisch, A., 2008. An optimization model based on vitality. In: Inevitable Aging?
Contributions to Evolutionary-Demographic Theory, Demographic Research
Monographs. Springer, Berlin, Heidelberg, pp. 75-122. https://doi.org/10.1007/
978-3-540-76656-8_5.

Baudisch, A., Vaupel, J.W., 2010. Senescence vs. sustenance: evolutionary-demographic
models of aging. Demogr. Res 23, 655-668. https://doi.org/10.4054/
DemRes.2010.23.23.

Baudisch, A., Vaupel, J.W., 2012. Getting to the root of aging. Science 338, 618-619.
https://doi.org/10.1126/science.1226467.

Baumgart, M., Priebe, S., Groth, M., Hartmann, N., Menzel, U., Pandolfini, L., Koch, P.,
Felder, M., Ristow, M., Englert, C., Guthke, R., Platzer, M., Cellerino, A., 2016.
Longitudinal RNA-seq analysis of vertebrate aging identifies mitochondrial complex
i as a small-molecule-sensitive modifier of lifespan. Cell Syst. 2, 122-132. https://
doi.org/10.1016/j.cels.2016.01.014.

Beerenwinkel, N., Pachter, L., Sturmfels, B., Elena, S.F., Lenski, R.E., 2007. Analysis of
epistatic interactions and fitness landscapes using a new geometric approach. BMC
Evol. Biol. 7, 60. https://doi.org/10.1186,/1471-2148-7-60.

Bell, R., Hubbard, A., Chettier, R., Chen, D., Miller, J.P., Kapahi, P., Tarnopolsky, M.,
Sahasrabuhde, S., Melov, S., Hughes, R.E., 2009. A human protein interaction
network shows conservation of aging processes between human and invertebrate
species. PLoS Genet 5, €1000414. https://doi.org/10.1371/journal.pgen.1000414.

Benayoun, B.A., Pollina, E.A., Singh, P.P., Mahmoudi, S., Harel, 1., Casey, K.M.,
Dulken, B.W., Kundaje, A., Brunet, A., 2019. Remodeling of epigenome and
transcriptome landscapes with aging in mice reveals widespread induction of
inflammatory responses. Genome Res 29, 697-709. https://doi.org/10.1101/
gr.240093.118.

Berg, E.C., Maklakov, A.A., 2012. Sexes suffer from suboptimal lifespan because of
genetic conflict in a seed beetle. Proc. R. Soc. B Biol. Sci. 279, 4296-4302. https://d
0i.org/10.1098/rspb.2012.1345.

Bernabeu, E., McCartney, D.L., Gadd, D.A., Hillary, R.F., Lu, A.T., Murphy, L.,

Wrobel, N., Campbell, A., Harris, S.E., Liewald, D., Hayward, C., Sudlow, C., Cox, S.
R., Evans, K.L., Horvath, S., McIntosh, A.M., Robinson, M.R., Vallejos, C.A.,
Marioni, R.E., 2023. Refining epigenetic prediction of chronological and biological
age. Genome Med 15, 12. https://doi.org/10.1186/513073-023-01161-y.

Bernard, G., Teuliere, J., Lopez, P., Corel, E., Lapointe, F.-J., Bapteste, E., 2022. Aging at
evolutionary crossroads: longitudinal gene co-expression network analyses of
proximal and ultimate causes of aging in bats. Mol. Biol. Evol. 39, msab302. https://
doi.org/10.1093/molbev/msab302.

Biagi, E., Nylund, L., Candela, M., Ostan, R., Bucci, L., Pini, E., Nikkila, J., Monti, D.,
Satokari, R., Franceschi, C., Brigidi, P., De Vos, W., 2010. Through ageing, and
beyond: gut microbiota and inflammatory status in seniors and centenarians. PLoS
ONE 5, €10667. https://doi.org/10.1371/journal.pone.0010667.

Biagi, E., Rampelli, S., Turroni, S., Quercia, S., Candela, M., Brigidi, P., 2017. The gut
microbiota of centenarians: Signatures of longevity in the gut microbiota profile.
Mech. Ageing Dev. 165, 180-184. https://doi.org/10.1016/j.mad.2016.12.013.

Birch, J., 2017. The Philosophy of Social Evolution. Oxford University Press, Oxford, UK.

Blagosklonny, M.V., 2006. Aging and immortality: quasi-programmed senescence and its
pharmacologic inhibition. Cell Cycle 5, 2087-2102. https://doi.org/10.4161/
cc.5.18.3288.

Blaser, M.J., Webb, G.F., 2014. Host demise as a beneficial function of indigenous
microbiota in human hosts. mBio 5, e02262-14. https://doi.org/10.1128/
mbio.02262-14.

Bonduriansky, R., 2012. Rethinking heredity, again. Trends Ecol. Evol. 27, 330-336.
https://doi.org/10.1016/j.tree.2012.02.003.

Bonduriansky, R., Maklakov, A., Zajitschek, F., Brooks, R., 2008. Sexual selection, sexual
conflict and the evolution of ageing and life span. Funct. Ecol. 22, 443-453. https://
doi.org/10.1111/j.1365-2435.2008.01417.x.

13

Ageing Research Reviews 89 (2023) 101982

Bouchard, F., 2008. Causal processes, fitness, and the differential persistence of lineages.
Philos. Sci. 75, 560-570. https://doi.org/10.1086,/594507.

Bouchard, F., 2014. Ecosystem evolution is about variation and persistence, not
populations and reproduction. Biol. Theory 9, 382-391. https://doi.org/10.1007/
s13752-014-0171-1.

Bourke, A.F.G., 2007. Kin selection and the evolutionary theory of aging. Annu. Rev.
Ecol. Evol. Syst. 38, 103-128. https://doi.org/10.1146/annurev.
ecolsys.38.091206.095528.

Britton, R.A., Young, V.B., 2014. Role of the intestinal microbiota in resistance to
colonization by Clostridium difficile. Gastroenterology 146, 1547-1553. https://doi.
org/10.1053/j.gastro.2014.01.059.

Budovsky, A., Abramovich, A., Cohen, R., Chalifa-Caspi, V., Fraifeld, V., 2007. Longevity
network: construction and implications. Mech. Ageing Dev. 128, 117-124. https://
doi.org/10.1016/j.mad.2006.11.018.

Chapuisat, M., Keller, L., 2002. Division of labour influences the rate of ageing in weaver
ant workers. Proc. Biol. Sci. 269, 909-913. https://doi.org/10.1098/
rspb.2002.1962.

Charlesworth, B., 2000. Fisher, Medawar, Hamilton and the evolution of aging. Genetics
156, 927-931.

Chen, H., Maklakov, A.A., 2012. Longer life span evolves under high rates of condition-
dependent mortality. Curr. Biol. 22, 2140-2143. https://doi.org/10.1016/j.
cub.2012.09.021.

Chiou, K.L., DeCasien, A.R., Rees, K.P., Testard, C., Spurrell, C.H., Gogate, A.A.,

Pliner, H.A., Tremblay, S., Mercer, A., Whalen, C.J., Negron-Del Valle, J.E.,
Janiak, M.C., Bauman Surratt, S.E., Gonzélez, O., Compo, N.R., Stock, M.K., Ruiz-
Lambides, A.V., Martinez, M.I., Cayo Biobank Research Unit, Wilson, M.A., Melin, A.
D., Antén, S.C., Walker, C.S., Sallet, J., Newbern, J.M., Starita, L.M., Shendure, J.,
Higham, J.P., Brent, L.J.N., Montague, M.J., Platt, M.L., Snyder-Mackler, N., 2022.
Multiregion transcriptomic profiling of the primate brain reveals signatures of aging
and the social environment. Nat. Neurosci. 25, 1714-1723. https://doi.org/
10.1038/541593-022-01197-0.

Ciliberti, S., Martin, O.C., Wagner, A., 2007. Robustness can evolve gradually in complex
regulatory gene networks with varying topology. PLoS Comput. Biol. 3, e15 https://
doi.org/10.1371/journal.pcbi.0030015.

Clarke, E., 2013. The multiple realizability of biological individuals. J. Philos. 110,
413-435. https://doi.org/10.5840/jphil2013110817.

Clutton-Brock, T.H., Isvaran, K., 2007. Sex differences in ageing in natural populations of
vertebrates. Proc. R. Soc. B Biol. Sci. 274, 3097-3104. https://doi.org/10.
1098/rspb.2007.1138.

Cohen, A.A., Kennedy, B.K., Anglas, U., Bronikowski, A.M., Deelen, J., Dufour, F.,
Ferbeyre, G., Ferrucci, L., Franceschi, C., Frasca, D., Friguet, B., Gaudreau, P.,
Gladyshev, V.N., Gonos, E.S., Gorbunova, V., Gut, P., Ivanchenko, M., Legault, V.,
Lemaitre, J.-F., Liontis, T., Liu, G.-H., Liu, M., Maier, A.B., N6brega, O.T., Olde
Rikkert, M.G.M., Pawelec, G., Rheault, S., Senior, A.M., Simm, A., Soo, S., Traa, A.,
Ukraintseva, S., Vanhaelen, Q., Van Raamsdonk, J.M., Witkowski, J.M., Yashin, A.L,
Ziman, R., Fiilop, T., 2020. Lack of consensus on an aging biology paradigm? a
global survey reveals an agreement to disagree, and the need for an interdisciplinary
framework. Mech. Ageing Dev. 191, 111316 https://doi.org/10.1016/j.
mad.2020.111316.

Cohen, A.A., Ferrucci, L., Fiilop, T., Gravel, D., Hao, N., Kriete, A., Levine, M.E.,
Lipsitz, L.A., Rikkert, M.G.M.O., Rutenberg, A., Stroustrup, N., Varadhan, R., 2022.
A complex systems approach to aging biology. Nat. Aging 2, 580-591. https://doi.
0org/10.1038/543587-022-00252-6.

Cohen, J., Torres, C., 2017. HIV-associated cellular senescence: a contributor to
accelerated aging. Ageing Res. Rev. 36, 117-124. https://doi.org/10.1016/j.
arr.2016.12.004.

Consortium, M.M., Lu, A.T., Fei, Z., Haghani, A., Robeck, T.R., Zoller, J.A., Li, C.Z.,
Zhang, J., Ablaeva, J., Adams, D.M., Almunia, J., Ardehali, R., Arneson, A., Baker, C.
S., Belov, K., Black, P., Blumstein, D.T., Bors, E.K., Breeze, C.E., Brooke, R.T., Brown,
J.L., Caulton, A., Cavin, J.M., Chatzistamou, L., Chen, H., Chiavellini, P., Choi, O.-W.,
Clarke, S., DeYoung, J., Dold, C., Emmons, C.K., Emmrich, S., Faulkes, C.G.,
Ferguson, S.H., Finno, C.J., Gaillard, J.-M., Garde, E., Gladyshev, V.N., Gorbunova,
V., Goya, R.G., Grant, M.J., Hales, E.N., Hanson, M.B., Haulena, M., Hogan, A.N.,
Hogg, C.J., Hore, T.A., Jasinska, A.J., Jones, G., Jourdain, E., Kashpur, O., Katcher,
H., Katsumata, E., Kaza, V., Kiaris, H., Kobor, M.S., Kordowitzki, P., Koski, W.R.,
Larison, B., Lee, S.-G., Lee, Y.C., Lehmann, M., Lemaitre, J.-F., Levine, A.J., Li, C., Li,
X., Lin, D.T., Macoretta, N., Maddox, D., Matkin, C.O., Mattison, J.A., Mergl, J.,
Meudt, J.J., Mozhui, K., Naderi, A., Nagy, M., Narayan, P., Nathanielsz, P.W.,
Nguyen, N.B., Niehrs, C., Ophir, A.G., Ostrander, E.A., Ginn, P.O., Parsons, K.M.,
Paul, K.C., Pellegrini, M., Pinho, G.M., Plassais, J., Prado, N.A., Rey, B., Ritz, B.R.,
Robbins, J., Rodriguez, M., Russell, J., Rydkina, E., Sailer, L.L., Salmon, A.B.,
Sanghavi, A., Schachtschneider, K.M., Schmitt, D., Schmitt, T., Schomacher, L.,
Schook, L.B., Sears, K.E., Seluanov, A., Shanmuganayagam, D., Shindyapina, A.,
Singh, K., Sinha, I, Snell, R.G., Soltanmaohammadi, E., Spangler, M.L., Staggs, L.,
Steinman, K.J., Sugrue, V.J., Szladovits, B., Takasugi, M., Teeling, E.C., Thompson,
M.J., Bonn, B.V., Vernes, S.C., Villar, D., Vinters, H.V., Wallingford, M.C., Wang, N.,
Wayne, R.K., Wilkinson, G.S., Williams, C.K., Williams, R.W., Yang, X.W., Young, B.
G., Zhang, B., Zhang, Z., Zhao, P., Zhao, Y., Zimmermann, J., Zhou, W., Ernst, J., Raj,
K., Horvath, S., 2021. Universal DNA methylation age across mammalian tissues.
https://doi.org/10.1101/2021.01.18.426733.

Coquel, A.-S., Jacob, J.-P., Primet, M., Demarez, A., Dimiccoli, M., Julou, T., Moisan, L.,
Lindner, A.B., Berry, H., 2013. Localization of protein aggregation in Escherichia coli
is governed by diffusion and nucleoid macromolecular crowding effect. PLoS
Comput. Biol. 9, €1003038 https://doi.org/10.1371/journal.pcbi.1003038.


https://doi.org/10.1093/bjps/55.2.347
https://doi.org/10.1016/j.jcpa.2009.10.024
https://doi.org/10.1016/j.jcpa.2009.10.024
https://doi.org/10.1126/science.adc9442
https://doi.org/10.1093/geronj/46.2.b47
https://doi.org/10.1093/geronj/46.2.b47
https://doi.org/10.1186/s13059-020-01990-9
https://doi.org/10.1111/1744-7917.12603
https://doi.org/10.1186/s12915-018-0531-6
https://doi.org/10.1186/s12915-018-0531-6
https://doi.org/10.1073/pnas.1206541109
https://doi.org/10.1073/pnas.1206541109
https://doi.org/10.1007/978-3-540-76656-8_5
https://doi.org/10.1007/978-3-540-76656-8_5
https://doi.org/10.4054/DemRes.2010.23.23
https://doi.org/10.4054/DemRes.2010.23.23
https://doi.org/10.1126/science.1226467
https://doi.org/10.1016/j.cels.2016.01.014
https://doi.org/10.1016/j.cels.2016.01.014
https://doi.org/10.1186/1471-2148-7-60
https://doi.org/10.1371/journal.pgen.1000414
https://doi.org/10.1101/gr.240093.118
https://doi.org/10.1101/gr.240093.118
https://doi.org/10.1098/rspb.2012.1345
https://doi.org/10.1098/rspb.2012.1345
https://doi.org/10.1186/s13073-023-01161-y
https://doi.org/10.1093/molbev/msab302
https://doi.org/10.1093/molbev/msab302
https://doi.org/10.1371/journal.pone.0010667
https://doi.org/10.1016/j.mad.2016.12.013
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref20
https://doi.org/10.4161/cc.5.18.3288
https://doi.org/10.4161/cc.5.18.3288
https://doi.org/10.1128/mbio.02262-14
https://doi.org/10.1128/mbio.02262-14
https://doi.org/10.1016/j.tree.2012.02.003
https://doi.org/10.1111/j.1365-2435.2008.01417.x
https://doi.org/10.1111/j.1365-2435.2008.01417.x
https://doi.org/10.1086/594507
https://doi.org/10.1007/s13752-014-0171-1
https://doi.org/10.1007/s13752-014-0171-1
https://doi.org/10.1146/annurev.ecolsys.38.091206.095528
https://doi.org/10.1146/annurev.ecolsys.38.091206.095528
https://doi.org/10.1053/j.gastro.2014.01.059
https://doi.org/10.1053/j.gastro.2014.01.059
https://doi.org/10.1016/j.mad.2006.11.018
https://doi.org/10.1016/j.mad.2006.11.018
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref30
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref30
https://doi.org/10.1016/j.cub.2012.09.021
https://doi.org/10.1016/j.cub.2012.09.021
https://doi.org/10.1038/s41593-022-01197-0
https://doi.org/10.1038/s41593-022-01197-0
https://doi.org/10.1371/journal.pcbi.0030015
https://doi.org/10.1371/journal.pcbi.0030015
https://doi.org/10.5840/jphil2013110817
https://doi.org/10.1098/rspb.2007.1138
https://doi.org/10.1098/rspb.2007.1138
https://doi.org/10.1016/j.mad.2020.111316
https://doi.org/10.1016/j.mad.2020.111316
https://doi.org/10.1038/s43587-022-00252-6
https://doi.org/10.1038/s43587-022-00252-6
https://doi.org/10.1016/j.arr.2016.12.004
https://doi.org/10.1016/j.arr.2016.12.004
https://doi.org/10.1371/journal.pcbi.1003038

E. Bapteste et al.

Costello, E.K., Stagaman, K., Dethlefsen, L., Bohannan, B.J.M., Relman, D.A., 2012. The
application of ecological theory toward an understanding of the human microbiome.
Science 336, 1255-1262. https://doi.org/10.1126/science.1224203.

Dagan, T., Roettger, M., Bryant, D., Martin, W., 2010. Genome networks root the tree of
life between prokaryotic domains. Genome Biol. Evol. 2, 379-392. https://doi.org/
10.1093/gbe/evq025.

Danchin, A., 2018. Bacteria in the ageing gut: did the taming of fire promote a long
human lifespan? Environ. Microbiol. 20, 1966-1987. https://doi.org/10.1111/
1462-2920.14255.

Dawkins, R., 1989. The selfish gene, new revise. Oxford University Press (ed).

Déjosez, M., Marin, A., Hughes, G.M., Morales, A.E., Godoy-Parejo, C., Gray, J., Qin, Y.,
Singh, A.A., Xu, H., Juste, J., Ibanez, C., White, K.M., Rosales, R., Francoeur, N.J.,
Sebra, R.P., Alcock, D., Puechmaille, S.J., Pastusiak, A., Frost, S.D.W., Hiller, M.,
Young, R.A,, Teeling, E.C., Garcia-Sastre, A., Zwaka, T.P., 2022. Bat pluripotent stem
cells reveal unique entanglement between host and viruses. https://doi.org/10.110
1/2022.09.23.509261.

Dodge, R., Jones, E-W., Zhu, H., Obadia, B., Martinez, D.J., Wang, C., Aranda-Diaz, A.,
Aumiller, K., Liu, Z., Voltolini, M., Brodie, E.L., Huang, K.C., Carlson, J.M., Sivak, D.
A., Spradling, A.C., Ludington, W.B., 2023. A symbiotic physical niche in drosophila
melanogaster regulates stable association of a multi-species gut microbiota. Nat.
Commun. 14, 1557. https://doi.org/10.1038/s41467-023-36942-x.

Doherty, A., de Magalhaes, J.P., 2016. Has gene duplication impacted the evolution of
Eutherian longevity. Aging Cell 15, 978-980. https://doi.org/10.1111/acel.12503.

Eaton, K.A., Honkala, A., Auchtung, T.A., Britton, R.A., 2011. Probiotic Lactobacillus
reuteri ameliorates disease due to enterohemorrhagic Escherichia coli in germfree
mice. Infect. Inmun. 79, 185-191. https://doi.org/10.1128/IA1.00880-10.

Eble, H., Joswig, M., Lamberti, L., Ludington, W.B., 2019. Cluster partitions and fitness
landscapes of the Drosophila fly microbiome. J. Math. Biol. 79, 861-899. https://
doi.org/10.1007/500285-019-01381-0.

Eble, H., Joswig, M., Lamberti, L., Ludington, W.B., 2021. High dimensional geometry of
fitness landscapes identifies master regulators of evolution and the microbiome. htt
ps://doi.org/10.1101,/2021.09.11.459926.

Edgeloe, J.M., Severn-Ellis, A.A., Bayer, P.E., Mehravi, S., Breed, M.F., Krauss, S.L.,
Batley, J., Kendrick, G.A., Sinclair, E.A., 2022. Extensive polyploid clonality was a
successful strategy for seagrass to expand into a newly submerged environment.
Proc. Biol. Sci. 289, 20220538. https://doi.org/10.1098/rspb.2022.0538.

Farré, X., Molina, R., Barteri, F., Timmers, P.R.H.J., Joshi, P.K., Oliva, B., Acosta, S.,
Esteve-Altava, B., Navarro, A., Muntané, G., 2021. Comparative analysis of mammal
genomes unveils key genomic variability for human life span. Mol. Biol. Evol. 38,
4948-4961. https://doi.org/10.1093/molbev/msab219.

Fernandes, M., Wan, C., Tacutu, R., Barardo, D., Rajput, A., Wang, J., Thoppil, H.,
Thornton, D., Yang, C., Freitas, A., de Magalhaes, J.P., 2016. Systematic analysis of
the gerontome reveals links between aging and age-related diseases. Hum. Mol.
Genet ddw307. https://doi.org/10.1093/hmg/ddw307.

Ferrarini, L., Bertelli, L., Feala, J., McCulloch, A.D., Paternostro, G., 2005. A more
efficient search strategy for aging genes based on connectivity. Bioinforma. Oxf.
Engl. 21, 338-348. https://doi.org/10.1093/bioinformatics/bti004.

Ferreira, M., Francisco, S., Soares, A.R., Nobre, A., Pinheiro, M., Reis, A., Neto, S.,
Rodrigues, A.J., Sousa, N., Moura, G., Santos, M.A.S., 2021. Integration of segmented
regression analysis with weighted gene correlation network analysis identifies genes
whose expression is remodeled throughout physiological aging in mouse tissues.
Aging 13, 18150-18190. https://doi.org/10.18632/aging.203379.

Fisher, R.A., 1930. The Genetical Theory of Natural Selection. Oxford University Press
(ed).

Foley, N.M., Hughes, G.M., Huang, Z., Clarke, M., Jebb, D., Whelan, C.V., Petit, E.J.,
Touzalin, F., Farcy, O., Jones, G., Ransome, R.D., Kacprzyk, J., O’Connell, M.J.,
Kerth, G., Rebelo, H., Rodrigues, L., Puechmaille, S.J., Teeling, E.C., 2018. Growing
old, yet staying young: The role of telomeres in bats’ exceptional longevity. Sci. Adv.
4, eaa00926. https://doi.org/10.1126/sciadv.aa00926.

Fortney, K., Kotlyar, M., Jurisica, I., 2010. Inferring the functions of longevity genes with
modular subnetwork biomarkers of Caenorhabditis elegans aging. Genome Biol. 11,
R13. https://doi.org/10.1186/gb-2010-11-2-r13.

Foster, K.R., Schluter, J., Coyte, K.Z., Rakoff-Nahoum, S., 2017. The evolution of the host
microbiome as an ecosystem on a leash. Nature 548, 43-51. https://doi.org/
10.1038/nature23292.

Gaillard, J.-M., Allainé, D., Pontier, D., Yoccoz, N.G., Promislow, D.E.L., 1994.
Senescence in natural populations of mammals: a reanalysis. Evol. Int. J. Org. Evol.
48, 509-516. https://doi.org/10.1111/§.1558-5646.1994.tb01329.x.

Garagnani, P., Pirazzini, C., Giuliani, C., Candela, M., Brigidi, P., Sevini, F., Luiselli, D.,
Bacalini, M.G., Salvioli, S., Capri, M., Monti, D., Mari, D., Collino, S., Delledonne, M.,
Descombes, P., Franceschi, C., 2014. The three genetics (nuclear DNA, mitochondrial
DNA, and gut microbiome) of longevity in humans considered as metaorganisms.
BioMed. Res. Int. 2014, 560340 https://doi.org/10.1155/2014/560340.

Gems, D., 2022. The hyperfunction theory: An emerging paradigm for the biology of
aging. Ageing Res. Rev. 74, 101557 https://doi.org/10.1016/j.arr.2021.101557.

Gems, D., 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 https://doi.org/
10.1016/j.arr.2021.101407.

Giaimo, S., Traulsen, A., 2022. The selection force weakens with age because ageing
evolves and not vice versa. Nat. Commun. 13, 686. https://doi.org/10.1038/541467-
022-28254-3.

Gillespie, J., 2004. Population Genetics: A Concise Guide. The Johns Hopkins University
Press, Baltimore.

Giuliani, C., Franceschi, C., Luiselli, D., Garagnani, P., Ulijaszek, S., 2020. Ecological
sensing through taste and chemosensation mediates inflammation: a biological

14

Ageing Research Reviews 89 (2023) 101982

anthropological approach. Adv. Nutr. Bethesda Md 11, 1671-1685. https://doi.org/
10.1093/advances/nmaa078.

Godfrey-Smith, 2013. Darwinian Individuals. In: From Groups to Individuals. MIT Press,
Cambridge, UK, pp. 17-36.

Goodnight, C., 2013. ‘Defining the individual. In: From Groups to Individuals. MIT Press,
Cambridge, UK, pp. 37-54.

Gorbunova, V., Seluanov, A., Zhang, Z., Gladyshev, V.N., Vijg, J., 2014. Comparative
genetics of longevity and cancer: insights from long-lived rodents. Nat. Rev. Genet.
15, 531-540. https://doi.org/10.1038/nrg3728.

Gorbunova, V., Seluanov, A., Mita, P., McKerrow, W., Feny®, D., Boeke, J.D., Linker, S.B.,
Gage, F.H., Kreiling, J.A., Petrashen, A.P., Woodham, T.A., Taylor, J.R., Helfand, S.
L., Sedivy, J.M., 2021. The role of retrotransposable elements in ageing and age-
associated diseases. Nature 596, 43-53. https://doi.org/10.1038/541586-021-
03542-y.

Gould, A.L., Zhang, V., Lamberti, L., Jones, E.W., Obadia, B., Korasidis, N., Gavryushkin,
A., Carlson, J.M., Beerenwinkel, N., Ludington, W.B., 2018. Microbiome interactions
shape host fitness. Proc. Natl. Acad. Sci. 115, E11951-E11960. https://doi.org/10.1
073/pnas.1809349115.

Grafen, A., 1985. A geometric view of relatedness. Oxf. Surv. Evol. Biol. 2, 28-89.

Griffiths, P., Stotz, S., 2013. Genetics and Philosophy: An Introduction. Cambridge
University Press, Cambridge.

Guedj, A., Volman, Y., Geiger-Maor, A., Bolik, J., Schumacher, N., Kiinzel, S., Baines, J.
F., Nevo, Y., Elgavish, S., Galun, E., Amsalem, H., Schmidt-Arras, D.,
Rachmilewitz, J., 2019. Gut microbiota shape ‘inflamm-ageing’ cytokines and
account for age-dependent decline in DNA damage repair. Gut gutjnl 2019-318491.
https://doi.org/10.1136/gutjnl-2019-318491.

Hamilton, W.D., 1964. The genetical evolution of social behaviour. 1. J. Theor. Biol. 7,
1-16. https://doi.org/10.1016/0022-5193(64)90038-4.

Hamilton, W.D., 1966. The moulding of senescence by natural selection. J. Theor. Biol.
12, 12-45. https://doi.org/10.1016/0022-5193(66)90184-6.

Heeney, D.D., Gareau, M.G., Marco, M.L., 2018. Intestinal Lactobacillus in health and
disease, a driver or just along for the ride. Curr. Opin. Biotechnol. 49, 140-147.
https://doi.org/10.1016/j.copbio.2017.08.004.

Hogenhout, S.A., Oshima, K., Ammar, E.-D., Kakizawa, S., Kingdom, H.N., Namba, S.,
2008. Phytoplasmas: bacteria that manipulate plants and insects. Mol. Plant Pathol.
9, 403-423. https://doi.org/10.1111/j.1364-3703.2008.00472.x.

Horvath, S., Levine, A.J., 2015. HIV-1 infection accelerates age according to the
epigenetic clock. J. Infect. Dis. 212, 1563-1573. https://doi.org/10.1093/infdis/
jivaz7.

Huang, S.-Y., Yang, Y.-X., Kuo, K., Li, H.-Q., Shen, X.-N., Chen, S.-D., Cui, M., Tan, L.,
Dong, Q., Yu, J.-T., 2021. Herpesvirus infections and Alzheimer’s disease: a
Mendelian randomization study. Alzheimers Res. Ther. 13, 158. https://doi.org/
10.1186/513195-021-00905-5.

Huang, Z., Jebb, D., Teeling, E.C., 2016. Blood miRNomes and transcriptomes reveal
novel longevity mechanisms in the long-lived bat, Myotis myotis. BMC Genom. 17,
906. https://doi.org/10.1186/5s12864-016-3227-8.

Huang, Z., Whelan, C.V., Foley, N.M., Jebb, D., Touzalin, F., Petit, E.J., Puechmaille, S.J.,
Teeling, E.C., 2019. Longitudinal comparative transcriptomics reveals unique
mechanisms underlying extended healthspan in bats. Nat. Ecol. Evol. 3, 1110-1120.
https://doi.org/10.1038/541559-019-0913-3.

Hull, D.L., 1980. Individuality and selection. Annu. Rev. Ecol. Syst. 311-332.

Huneman, P., 2020. Biological Individuals as ‘weak individuals’ and their identity:
exploring a radical hypothesis in the metaphysics of science. Biol. Identit-.-. 40-62.

Huneman, P., 2023. Death: Perspectives from the Philosophy of Biology. Palgrave-
McMillam., London.

Irving, A.T., Ahn, M., Goh, G., Anderson, D.E., Wang, L.-F., 2021. Lessons from the host
defences of bats, a unique viral reservoir. Nature 589, 363-370. https://doi.org/
10.1038/541586-020-03128-0.

Johnson, A.A., Shokhirev, M.N., Shoshitaishvili, B., 2019. Revamping the evolutionary
theories of aging. Ageing Res. Rev. 55, 100947 https://doi.org/10.1016/j.
arr.2019.100947.

Kacprzyk, J., Locatelli, A.G., Hughes, G.M., Huang, Z., Clarke, M., Gorbunova, V.,
Sacchi, C., Stewart, G.S., Teeling, E.C., 2021. Evolution of mammalian longevity:
age-related increase in autophagy in bats compared to other mammals. Aging 13,
7998-8025. https://doi.org/10.18632/aging.202852.

Keane, M., Semeiks, J., Webb, A.E., Li, Y.I., Quesada, V., Craig, T., Madsen, L.B., van
Dam, S., Brawand, D., Marques, P.I., Michalak, P., Kang, L., Bhak, J., Yim, H.-S.,
Grishin, N.V., Nielsen, N.H., Heide-Jgrgensen, M.P., Oziolor, E.M., Matson, C.W.,
Church, G.M., Stuart, G.W., Patton, J.C., George, J.C., Suydam, R., Larsen, K., Lopez-
Otin, C., O’Connell, M.J., Bickham, J.W., Thomsen, B., de Magalhaes, J.P., 2015.
Insights into the evolution of longevity from the bowhead whale genome. Cell Rep.
10, 112-122. https://doi.org/10.1016/j.celrep.2014.12.008.

Keller, L., Genoud, M., 1997. Extraordinary lifespans in ants: a test of evolutionary
theories of ageing. Nature 389, 958-960. https://doi.org/10.1038/40130.

Kenyon, C.J., 2010. The genetics of ageing. Nature 464, 504-512. https://doi.org/
10.1038/nature08980.

Kirkwood, T., Holliday, R., 1979. The evolution of ageing and longevity. Proc. R. Soc.
Lond. B Biol. Sci. 205, 531-546. https://doi.org/10.1098/rspb.1979.0083.

Kirkwood, T.B., 1977. Evolution of ageing. Nature 270, 301-304.

Kirkwood, T.B.L., 1997. The origins of human ageing. Philos. Trans. R. Soc. Lond. B. Biol.
Sci. 352, 1765-1772. https://doi.org/10.1098/rsth.1997.0160.

Kolora, S.R.R., Owens, G.L., Vazquez, J.M., Stubbs, A., Chatla, K., Jainese, C., Seeto, K.,
McCrea, M., Sandel, M.W., Vianna, J.A., Maslenikov, K., Bachtrog, D., Orr, J.W.,
Love, M., Sudmant, P.H., 2021. Origins and evolution of extreme life span in Pacific
Ocean rockfishes. Science 374, 842-847. https://doi.org/10.1126/science.abg5332.


https://doi.org/10.1126/science.1224203
https://doi.org/10.1093/gbe/evq025
https://doi.org/10.1093/gbe/evq025
https://doi.org/10.1111/1462-2920.14255
https://doi.org/10.1111/1462-2920.14255
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref42
https://doi.org/10.1101/2022.09.23.509261
https://doi.org/10.1101/2022.09.23.509261
https://doi.org/10.1038/s41467-023-36942-x
https://doi.org/10.1111/acel.12503
https://doi.org/10.1128/IAI.00880-10
https://doi.org/10.1007/s00285-019-01381-0
https://doi.org/10.1007/s00285-019-01381-0
https://doi.org/10.1101/2021.09.11.459926
https://doi.org/10.1101/2021.09.11.459926
https://doi.org/10.1098/rspb.2022.0538
https://doi.org/10.1093/molbev/msab219
https://doi.org/10.1093/hmg/ddw307
https://doi.org/10.1093/bioinformatics/bti004
https://doi.org/10.18632/aging.203379
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref51
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref51
https://doi.org/10.1126/sciadv.aao0926
https://doi.org/10.1186/gb-2010-11-2-r13
https://doi.org/10.1038/nature23292
https://doi.org/10.1038/nature23292
https://doi.org/10.1111/j.1558-5646.1994.tb01329.x
https://doi.org/10.1155/2014/560340
https://doi.org/10.1016/j.arr.2021.101557
https://doi.org/10.1016/j.arr.2021.101407
https://doi.org/10.1016/j.arr.2021.101407
https://doi.org/10.1038/s41467-022-28254-3
https://doi.org/10.1038/s41467-022-28254-3
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref60
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref60
https://doi.org/10.1093/advances/nmaa078
https://doi.org/10.1093/advances/nmaa078
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref62
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref62
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref63
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref63
https://doi.org/10.1038/nrg3728
https://doi.org/10.1038/s41586-021-03542-y
https://doi.org/10.1038/s41586-021-03542-y
https://doi.org/10.1073/pnas.1809349115
https://doi.org/10.1073/pnas.1809349115
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref66
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref67
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref67
https://doi.org/10.1136/gutjnl-2019-318491
https://doi.org/10.1016/0022-5193(64)90038-4
https://doi.org/10.1016/0022-5193(66)90184-6
https://doi.org/10.1016/j.copbio.2017.08.004
https://doi.org/10.1111/j.1364-3703.2008.00472.x
https://doi.org/10.1093/infdis/jiv277
https://doi.org/10.1093/infdis/jiv277
https://doi.org/10.1186/s13195-021-00905-5
https://doi.org/10.1186/s13195-021-00905-5
https://doi.org/10.1186/s12864-016-3227-8
https://doi.org/10.1038/s41559-019-0913-3
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref77
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref78
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref78
https://doi.org/10.1038/s41586-020-03128-0
https://doi.org/10.1038/s41586-020-03128-0
https://doi.org/10.1016/j.arr.2019.100947
https://doi.org/10.1016/j.arr.2019.100947
https://doi.org/10.18632/aging.202852
https://doi.org/10.1016/j.celrep.2014.12.008
https://doi.org/10.1038/40130
https://doi.org/10.1038/nature08980
https://doi.org/10.1038/nature08980
https://doi.org/10.1098/rspb.1979.0083
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref85
https://doi.org/10.1098/rstb.1997.0160
https://doi.org/10.1126/science.abg5332

E. Bapteste et al.

Koonin, E.V., Makarova, K.S., Wolf, Y.I., 2021. Evolution of microbial genomics:
conceptual shifts over a quarter century. Trends Microbiol. https://doi.org/10.1016/
j.tim.2021.01.005.

Lack, D., 1954. The Natural Regulation of Animal Numbers. Oxford University Press,
Oxford, UK.

Laland, K., Uller, T., Feldman, M., Sterelny, K., Miiller, G.B., Moczek, A., Jablonka, E.,
Odling-Smee, J., Wray, G.A., Hoekstra, H.E., Futuyma, D.J., Lenski, R.E., Mackay, T.
F.C., Schluter, D., Strassmann, J.E., 2014. Does evolutionary theory need a rethink.
Nature 514, 161-164. https://doi.org/10.1038/514161a.

Lee, R.D., 2003. Rethinking the evolutionary theory of aging: Transfers, not births, shape
senescence in social species. Proc. Natl. Acad. Sci. 100, 9637-9642. https://doi.
org/10.1073/pnas.1530303100.

Lehmann, L., 2008. The adaptive dynamics of niche constructing traits in spatially
subdivided populations: evolving posthumous extended phenotypes. Evol. Int. J.
Org. Evol. 62, 549-566. https://doi.org/10.1111/j.1558-5646.2007.00291 x.

Lemoine, M., 2021. The evolution of the hallmarks of aging. Front. Genet 12. https://doi.
org/10.3389/fgene.2021.693071.

Levi, G., de Lombares, C., Giuliani, C., lannuzzi, V., Aouci, R., Garagnani, P.,
Franceschi, C., Grimaud-Hervé, D., Narboux-Néme, N., 2021. DLX5/6 GABAergic
expression affects social vocalization: implications for human evolution. Mol. Biol.
Evol. 38, 4748-4764. https://doi.org/10.1093/molbev/msab181.

Lewontin, R.C., 1970. The units of selection. Annu Rev. Ecol. Syst. 1-18.

Li, Y., de Magalhaes, J.P., 2013. Accelerated protein evolution analysis reveals genes and
pathways associated with the evolution of mammalian longevity. Age Dordr. Neth.
35, 301-314. https://doi.org/10.1007/511357-011-9361-y.

Lindner, A.B., Madden, R., Demarez, A., Stewart, E.J., Taddei, F., 2008. Asymmetric
segregation of protein aggregates is associated with cellular aging and rejuvenation.
Proc. Natl. Acad. Sci. 105, 3076-3081. https://doi.org/10.1073/pnas.0708931105.

Liu, J., Cvirkaite-Krupovic, V., Baquero, D.P., Yang, Y., Zhang, Q., Shen, Y., Krupovic, M.,
2021. Virus-induced cell gigantism and asymmetric cell division in archaea. Proc.
Natl. Acad. Sci. U. S. A. 118. https://doi.org/10.1073/pnas.2022578118.

Liu, X., Liu, Z., Wu, Z., Ren, J., Fan, Y., Sun, L., Cao, G., Niu, Y., Zhang, B., Ji, Q.,
Jiang, X., Wang, C., Wang, Q., Ji, Z., Li, L., Esteban, C.R., Yan, K., Li, W.,

Cai, Yusheng, Wang, S., Zheng, A., Zhang, Y.E., Tan, S., Cai, Yingao, Song, M., Lu, F.,
Tang, F., Ji, W., Zhou, Q., Belmonte, J.C.I., Zhang, W., Qu, J., Liu, G.-H., 2023.
Resurrection of endogenous retroviruses during aging reinforces senescence. Cell
186 (287-304), e26. https://doi.org/10.1016/j.cell.2022.12.017.

Lépez-Otin, C., Blasco, M.A., Partridge, L., Serrano, M., Kroemer, G., 2023. Hallmarks of
aging: an expanding universe. Cell 186, 243-278. https://doi.org/10.1016/j.
cell.2022.11.001.

Lucas, E.R., Keller, L., 2020. The co-evolution of longevity and social life. Funct. Ecol. 34,
76-87. https://doi.org/10.1111/1365-2435.13445.

de Magalhaes, J.P., 2012. Programmatic features of aging originating in development:
aging mechanisms beyond molecular damage. FASEB J. 26, 4821-4826. https://doi.
org/10.1096/fj.12-210872.

de Magalhaes, J.P., Toussaint, O., 2004. GenAge: a genomic and proteomic network map
of human ageing. FEBS Lett. 571, 243-247. https://doi.org/10.1016/j.
febslet.2004.07.006.

de Magalhaes, J.P., Curado, J., Church, G.M., 2009. Meta-analysis of age-related gene
expression profiles identifies common signatures of aging. Bioinformatics 25,
875-881. https://doi.org/10.1093/bioinformatics/btp073.

Maistrenko, O.M., Serga, S.V., Vaiserman, A.M., Kozeretska, I.A., 2016. Longevity-
modulating effects of symbiosis: insights from Drosophila-Wolbachia interaction.
Biogerontology 17, 785-803. https://doi.org/10.1007/510522-016-9653-9.

Managbanag, J.R., Witten, T.M., Bonchev, D., Fox, L.A., Tsuchiya, M., Kennedy, B.K.,
Kaeberlein, M., 2008. Shortest-path network analysis is a useful approach toward
identifying genetic determinants of longevity. PloS One 3, €3802. https://doi.org/
10.1371/journal.pone.0003802.

Margolis, S.R., Wilson, S.C., Vance, R.E., 2017. Evolutionary Origins of cGAS-STING
Signaling. Trends Immunol., Spec. Issue.: Innate Sens. Across Kingd. 38, 733-743.
https://doi.org/10.1016/j.it.2017.03.004.

Medawar, P.B., 1952. An unsolved problem of biology. College.

Miller, R.A., Harper, J.M., Dysko, R.C., Durkee, S.J., Austad, S.N., 2002. Longer life spans
and delayed maturation in wild-derived mice. Exp. Biol. Med. Maywood NJ 227,
500-508. https://doi.org/10.1177/153537020222700715.

Mills, S.K., Beatty, J.H., 1979. The Propensity Interpretation of Fitness. Philos. Sci. 46,
263-286. https://doi.org/10.1086,/288865.

Milo, R., Shen-Orr, S., Itzkovitz, S., Kashtan, N., Chklovskii, D., Alon, U., 2002. Network
motifs: simple building blocks of complex networks. Science 298, 824-827. https://
doi.org/10.1126/science.298.5594.824.

Morehouse, B.R., Govande, A.A., Millman, A., Keszei, A.F.A., Lowey, B., Ofir, G., Shao, S.,
Sorek, R., Kranzusch, P.J., 2020. STING cyclic dinucleotide sensing originated in
bacteria. Nature 586, 429-433. https://doi.org/10.1038/s41586-020-2719-5.

Muntané, G., Farré, X., Rodriguez, J.A., Pegueroles, C., Hughes, D.A., de Magalhaes, J.P.,
Gabaldon, T., Navarro, A., 2018. Biological processes modulating longevity across
primates: a phylogenetic genome-phenome analysis. Mol. Biol. Evol. 35, 1990-2004.
https://doi.org/10.1093/molbev/msy105.

Nie, C., Li, Y., Li, R, Yan, Y., Zhang, D., Li, T., Li, Z., Sun, Y., Zhen, H., Ding, J., Wan, Z.,
Gong, J., Shi, Y., Huang, Z., Wu, Y., Cai, K., Zong, Y., Wang, Z., Wang, R., Jian, M.,
Jin, X., Wang, J., Yang, H., Han, J.-D.J., Zhang, X., Franceschi, C., Kennedy, B.K.,
Xu, X., 2022. Distinct biological ages of organs and systems identified from a multi-
omics study. Cell Rep. 38, 110459 https://doi.org/10.1016/j.celrep.2022.110459.

Nyholm, S.V., McFall-Ngai, M.J., 2021. A lasting symbiosis: how the Hawaiian bobtail
squid finds and keeps its bioluminescent bacterial partner. Nat. Rev. Microbiol. 19,
666-679. https://doi.org/10.1038/5s41579-021-00567-y.

Ageing Research Reviews 89 (2023) 101982

Nystrom, T., 2011. Spatial protein quality control and the evolution of lineage-specific
ageing. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 366, 71-75. https://doi.org/
10.1098/rstb.2010.0282.

Ocana-Pallares, E., Williams, T.A., Lopez-Escardé, D., Arroyo, A.S., Pathmanathan, J.S.,
Bapteste, E., Tikhonenkov, D.V., Keeling, P.J., Szoll6si, G.J., Ruiz-Trillo, ., 2022.
Divergent genomic trajectories predate the origin of animals and fungi. Nature 609,
747-753. https://doi.org/10.1038/541586-022-05110-4.

Ombolt, S.W., Kirkwood, T.B.L., 2021. Aging as a consequence of selection to reduce the
environmental risk of dying. Proc. Natl. Acad. Sci. 118. https://doi.org/10.1
073/pnas.2102088118.

Orkin, J.D., Montague, M.J., Tejada-Martinez, D., de Manuel, M., Del Campo, J., Cheves
Hernandez, S., Di Fiore, A., Fontsere, C., Hodgson, J.A., Janiak, M.C., Kuderna, L.F.
K., Lizano, E., Martin, M.P., Niimura, Y., Perry, G.H., Valverde, C.S., Tang, J.,
Warren, W.C., de Magalhaes, J.P., Kawamura, S., Marques-Bonet, T., Krawetz, R.,
Melin, A.D., 2021. The genomics of ecological flexibility, large brains, and long lives
in capuchin monkeys revealed with fecalFACS. Proc. Natl. Acad. Sci. U. S. A. 118,
€2010632118. https://doi.org/10.1073/pnas.2010632118.

Pacifico, R., MacMullen, C.M., Walkinshaw, E., Zhang, X., Davis, R.L., 2018. Brain
transcriptome changes in the aging Drosophila melanogaster accompany olfactory
memory performance deficits. PLOS ONE 13, e0209405. https://doi.org/10.1371/
journal.pone.0209405.

Papadopoli, D., Boulay, K., Kazak, L., Pollak, M., Mallette, F., Topisirovic, I., Hulea, L.,
2019. mTOR as a central regulator of lifespan and aging. F1000Research 8, 998.
https://doi.org/10.12688/f1000research.17196.1.

Papale, F., Saget, J., Bapteste, E., 2020. Networks consolidate the core concepts of
evolution by natural selection. Trends Microbiol 28, 254-265. https://doi.org/
10.1016/j.tim.2019.11.006.

Pfefferbaum, A., Rogosa, D.A., Rosenbloom, M.J., Chu, W., Sassoon, S.A., Kemper, C.A.,
Deresinski, S., Rohlfing, T., Zahr, N.M., Sullivan, E.V., 2014. Accelerated aging of
selective brain structures in human immunodeficiency virus infection: a controlled,
longitudinal magnetic resonance imaging study. Neurobiol. Aging 35, 1755-1768.
https://doi.org/10.1016/j.neurobiolaging.2014.01.008.

Popescu, M., Van Belleghem, J.D., Khosravi, A., Bollyky, P.L., 2021. Bacteriophages and
the Immune System. Annu. Rev. Virol. 8, 415-435. https://doi.org/10.1146/
annurev-virology-091919-074551.

Proenca, A.M., Rang, C.U., Buetz, C., Shi, C., Chao, L., 2018. Age structure landscapes
emerge from the equilibrium between aging and rejuvenation in bacterial
populations. Nat. Commun. 9, 3722, https://doi.org/10.1038/541467-018-06154-9.

Promislow, D.E.L., 2004. Protein networks, pleiotropy and the evolution of senescence.
Proc. Biol. Sci. 271, 1225-1234. https://doi.org/10.1098/rspb.2004.2732.

Promislow, D.E.L., Harvey, P.H., 1990. Living fast and dying young: a comparative
analysis of life-history variation among mammals. J. Zool. https://doi.org/10.1111/
j.1469-7998.1990.tb04316.x.

Raj, K., Horvath, S., 2020. Current perspectives on the cellular and molecular features of
epigenetic ageing. Exp. Biol. Med. Maywood NJ 245, 1532-1542. https://doi.org/
10.1177/1535370220918329.

Rampelli, S., Candela, M., Turroni, S., Biagi, E., Collino, S., Franceschi, C., O’Toole, P.W.,
Brigidi, P., 2013. Functional metagenomic profiling of intestinal microbiome in
extreme ageing. Aging 5, 902-912. https://doi.org/10.18632/aging.100623.

Rando, T.A., Chang, H.Y., 2012. Aging, rejuvenation, and epigenetic reprogramming:
resetting the aging clock. Cell 148, 46-57. https://doi.org/10.1016/j.
cell.2012.01.003.

Raval, P.K,, Garg, S.G., Gould, S.B., 2022. Endosymbiotic selective pressure at the origin
of eukaryotic cell biology. eLife 11, e81033. https://doi.org/10.7554/eLife.81033.

Reichard, M., 2017. Evolutionary perspectives on ageing. Semin. Cell Dev. Biol. 70,
99-107. https://doi.org/10.1016/j.semcdb.2017.05.013.

Reinke, B.A., Cayuela, H., Janzen, F.J., Lemaitre, J.-F., Gaillard, J.-M., Lawing, A.M.,
Iverson, J.B., Christiansen, D.G., Martinez-Solano, 1., Sanchez-Montes, G., Gutiérrez-
Rodriguez, J., Rose, F.L., Nelson, N., Keall, S., Crivelli, A.J., Nazirides, T., Grimm-
Seyfarth, A., Henle, K., Mori, E., Guiller, G., Homan, R., Olivier, A., Muths, E.,
Hossack, B.R., Bonnet, X., Pilliod, D.S., Lettink, M., Whitaker, T., Schmidt, B.R.,
Gardner, M.G., Cheylan, M., Poitevin, F., Golubovi¢, A., Tomovi¢, L., Arsovski, D.,
Griffiths, R.A., Arntzen, J.W., Baron, J.-P., Le Galliard, J.-F., Tully, T., Luiselli, L.,
Capula, M., Rugiero, L., McCaffery, R., Eby, L.A., Briggs-Gonzalez, V., Mazzotti, F.,
Pearson, D., Lambert, B.A., Green, D.M., Jreidini, N., Angelini, C., Pyke, G.,
Thirion, J.-M., Joly, P., Léna, J.-P., Tucker, A.D., Limpus, C., Priol, P., Besnard, A.,
Bernard, P., Stanford, K., King, R., Garwood, J., Bosch, J., Souza, F.L., Bertoluci, J.,
Famelli, S., Grossenbacher, K., Lenzi, O., Matthews, K., Boitaud, S., Olson, D.H.,
Jessop, T.S., Gillespie, G.R., Clobert, J., Richard, M., Valenzuela-Sanchez, A.,
Fellers, G.M., Kleeman, P.M., Halstead, B.J., Grant, E.H.C., Byrne, P.G., Frétey, T., Le
Garff, B., Levionnois, P., Maerz, J.C., Pichenot, J., Olgun, K., Uziim, N., Avci, A.,
Miaud, C., Elmberg, J., Brown, G.P., Shine, R., Bendik, N.F., O'Donnell, L., Davis, C.
L., Lannoo, M.J., Stiles, R.M., Cox, R.M., Reedy, A.M., Warner, D.A., Bonnaire, E.,
Grayson, K., Ramos-Targarona, R., Baskale, E., Munoz, D., Measey, J., de Villiers, F.
A., Selman, W., Ronget, V., Bronikowski, A.M., Miller, D.A.W., 2022. Diverse aging
rates in ectothermic tetrapods provide insights for the evolution of aging and
longevity. Science 376 1459-1466. https://doi.org/10.1126/science.abm0151.

Rera, M., Clark, R.I., Walker, D.W., 2012. Intestinal barrier dysfunction links metabolic
and inflammatory markers of aging to death in Drosophila. Proc. Natl. Acad. Sci. U.
S. A. 109, 21528-21533. https://doi.org/10.1073/pnas.1215849110.

Reynoso, R., Wieser, M., Ojeda, D., Bonisch, M., Kiihnel, H., Bolcic, F., Quendler, H.,
Grillari, J., Grillari-Voglauer, R., Quarleri, J., 2012. HIV-1 induces telomerase
activity in monocyte-derived macrophages, possibly safeguarding one of its
reservoirs. J. Virol. 86, 10327-10337. https://doi.org/10.1128/JVI.01495-12.


https://doi.org/10.1016/j.tim.2021.01.005
https://doi.org/10.1016/j.tim.2021.01.005
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref89
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref89
https://doi.org/10.1038/514161a
https://doi.org/10.1073/pnas.1530303100
https://doi.org/10.1073/pnas.1530303100
https://doi.org/10.1111/j.1558-5646.2007.00291.x
https://doi.org/10.3389/fgene.2021.693071
https://doi.org/10.3389/fgene.2021.693071
https://doi.org/10.1093/molbev/msab181
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref94
https://doi.org/10.1007/s11357-011-9361-y
https://doi.org/10.1073/pnas.0708931105
https://doi.org/10.1073/pnas.2022578118
https://doi.org/10.1016/j.cell.2022.12.017
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1111/1365-2435.13445
https://doi.org/10.1096/fj.12-210872
https://doi.org/10.1096/fj.12-210872
https://doi.org/10.1016/j.febslet.2004.07.006
https://doi.org/10.1016/j.febslet.2004.07.006
https://doi.org/10.1093/bioinformatics/btp073
https://doi.org/10.1007/s10522-016-9653-9
https://doi.org/10.1371/journal.pone.0003802
https://doi.org/10.1371/journal.pone.0003802
https://doi.org/10.1016/j.it.2017.03.004
https://doi.org/10.1177/153537020222700715
https://doi.org/10.1086/288865
https://doi.org/10.1126/science.298.5594.824
https://doi.org/10.1126/science.298.5594.824
https://doi.org/10.1038/s41586-020-2719-5
https://doi.org/10.1093/molbev/msy105
https://doi.org/10.1016/j.celrep.2022.110459
https://doi.org/10.1038/s41579-021-00567-y
https://doi.org/10.1098/rstb.2010.0282
https://doi.org/10.1098/rstb.2010.0282
https://doi.org/10.1038/s41586-022-05110-4
https://doi.org/10.1073/pnas.2102088118
https://doi.org/10.1073/pnas.2102088118
https://doi.org/10.1073/pnas.2010632118
https://doi.org/10.1371/journal.pone.0209405
https://doi.org/10.1371/journal.pone.0209405
https://doi.org/10.12688/f1000research.17196.1
https://doi.org/10.1016/j.tim.2019.11.006
https://doi.org/10.1016/j.tim.2019.11.006
https://doi.org/10.1016/j.neurobiolaging.2014.01.008
https://doi.org/10.1146/annurev-virology-091919-074551
https://doi.org/10.1146/annurev-virology-091919-074551
https://doi.org/10.1038/s41467-018-06154-9
https://doi.org/10.1098/rspb.2004.2732
https://doi.org/10.1111/j.1469-7998.1990.tb04316.x
https://doi.org/10.1111/j.1469-7998.1990.tb04316.x
https://doi.org/10.1177/1535370220918329
https://doi.org/10.1177/1535370220918329
https://doi.org/10.18632/aging.100623
https://doi.org/10.1016/j.cell.2012.01.003
https://doi.org/10.1016/j.cell.2012.01.003
https://doi.org/10.7554/eLife.81033
https://doi.org/10.1016/j.semcdb.2017.05.013
https://doi.org/10.1126/science.abm0151
https://doi.org/10.1073/pnas.1215849110
https://doi.org/10.1128/JVI.01495-12

E. Bapteste et al.

Reznick, D.N., Bryant, M.J., Roff, D., Ghalambor, C.K., Ghalambor, D.E., 2004. Effect of
extrinsic mortality on the evolution of senescence in guppies. Nature 431,
1095-1099. https://doi.org/10.1038/nature02936.

Roach, D.A., Gampe, J., 2004. Age-specific demography in Plantago: uncovering age-
dependent mortality in a natural population. Am. Nat. 164, 60-69. https://doi.org/
10.1086/421301.

Roff, D., 2001. Life History Evolution, 1st edition. ed. Sinauer Associates is an imprint of
Oxford University Press, Sunderland, Mass.

Roget, T., Jolivet, P., Méléard, S., Rera, M., 2022. Positive selection of senescence
through increased evolvability: ageing is not a by-product of evolution. https://doi.
org/10.1101/2022.03.11.483978.

Roper, M., Capdevila, P., Salguero-Gomez, R., 2021. Senescence: why and where
selection gradients might not decline with age. Proc. Biol. Sci. 288, 20210851.
https://doi.org/10.1098/rspb.2021.0851.

Sahm, A., Bens, M., Szafranski, K., Holtze, S., Groth, M., Gorlach, M., Calkhoven, C.,
Miiller, C., Schwab, M., Kraus, J., Kestler, H.A., Cellerino, A., Burda, H.,
Hildebrandt, T., Dammann, P., Platzer, M., 2018. Long-lived rodents reveal
signatures of positive selection in genes associated with lifespan. PLOS Genet 14,
€1007272. https://doi.org/10.1371/journal.pgen.1007272.

Santoro, A., Bientinesi, E., Monti, D., 2021. Immunosenescence and inflammaging in the
aging process: age-related diseases or longevity. Ageing Res. Rev. 71, 101422
https://doi.org/10.1016/j.arr.2021.101422.

Scadden, D.T., 2006. The stem-cell niche as an entity of action. Nature 441, 1075-1079.
https://doi.org/10.1038/nature04957.

Schank, M., Zhao, J., Moorman, J.P., Yao, Z.Q., 2021. The Impact of HIV- and ART-
Induced Mitochondrial Dysfunction in Cellular Senescence and Aging. Cells 10.
https://doi.org/10.3390/cells10010174.

Schmidt, P.S., Matzkin, L., Ippolito, M., Eanes, W.F., 2005. Geographic variation in
diapause incidence, life-history traits, and climatic adaptation in Drosophila
melanogaster. Evol. Int. J. Org. Evol. 59, 1721-1732.

Seoane, R., Vidal, S., Bouzaher, Y.H., El Motiam, A., Rivas, C., 2020. The Interaction of
Viruses with the Cellular Senescence Response. Biology 9. https://doi.org/10.3390/
biology9120455.

Seymour, R.M., Doncaster, C.P., 2007. Density dependence triggers runaway selection of
reduced senescence. PLoS Comput. Biol. 3, €256 https://doi.org/10.1371/journal.
pcbi.0030256.

Shefferson, R.P., Roach, D.A., 2013. Longitudinal analysis in Plantago: strength of
selection and reverse-age analysis reveal age-indeterminate senescence. J. Ecol. 101,
577-584. https://doi.org/10.1111/1365-2745.12079.

Shokhirev, M.N., Johnson, A.A., 2014. Effects of extrinsic mortality on the evolution of
aging: a stochastic modeling approach. PloS One 9, e86602. https://doi.org/
10.1371/journal.pone.0086602.

da Silva, R., Conde, D.A., Baudisch, A., Colchero, F., 2022. Slow and negligible
senescence among testudines challenges evolutionary theories of senescence. Science
376, 1466-1470. https://doi.org/10.1126/science.abl7811.

Smith, T.E., Moran, N.A., 2020. Coordination of host and symbiont gene expression
reveals a metabolic tug-of-war between aphids and Buchnera. Proc. Natl. Acad. Sci.
U. S. A. 117, 2113-2121. https://doi.org/10.1073/pnas.1916748117.

Solana, R., Tarazona, R., Aiello, A.E., Akbar, A.N., Appay, V., Beswick, M., Bosch, J.A.,
Campos, C., Cantisan, S., Cicin-Sain, L., Derhovanessian, E., Ferrando-Martinez, S.,
Frasca, D., Fulop, T., Govind, S., Grubeck-Loebenstein, B., Hill, A., Hurme, M.,
Kern, F., Larbi, A., Lopez-Botet, M., Maier, A.B., McElhaney, J.E., Moss, P.,
Naumova, E., Nikolich-Zugich, J., Pera, A., Rector, J.L., Riddell, N., Sanchez-
Correa, B., Sansoni, P., Sauce, D., van Lier, R., Wang, G.C., Wills, M.R., Zielinski, M.,
Pawelec, G., 2012. CMV and Immunosenescence: from basics to clinics. Immun.
Ageing A 9, 23. https://doi.org/10.1186/1742-4933-9-23.

Somel, M., Guo, S., Fu, N., Yan, Z., Hu, H.Y., Xu, Y., Yuan, Y., Ning, Z., Hu, Y., Menzel, C.,
Hu, H., Lachmann, M., Zeng, R., Chen, W., Khaitovich, P., 2010. MicroRNA, mRNA,
and protein expression link development and aging in human and macaque brain.
Genome Res 20, 1207-1218. https://doi.org/10.1101/gr.106849.110.

Southworth, L.K., Owen, A.B., Kim, S.K., 2009. Aging mice show a decreasing correlation
of gene expression within genetic modules. PLoS Genet 5, €1000776. https://doi.
org/10.1371/journal.pgen.1000776.

Stearns, S.C., 1992. The Evolution of Life Histories, 1st edition. ed. Oxford University
Press, Oxford; New York.

Stewart, E.J., Madden, R., Paul, G., Taddei, F., 2005. Aging and death in an organism that
reproduces by morphologically symmetric division. PLoS Biol. 3, e45 https://doi.
org/10.1371/journal.pbio.0030045.

Tacutu, R., Shore, D.E., Budovsky, A., de Magalhaes, J.P., Ruvkun, G., Fraifeld, V.E.,
Curran, S.P., 2012. Prediction of C. elegans Longevity Genes by Human and Worm
Longevity Networks. PLoS ONE 7, e48282. https://doi.org/10.1371/journal.
pone.0048282.

Tacutu, R., Thornton, D., Johnson, E., Budovsky, A., Barardo, D., Craig, T., Diana, E.,
Lehmann, G., Toren, D., Wang, J., Fraifeld, V.E., de Magalhaes, J.P., 2018. Human
Ageing Genomic Resources: new and updated databases. Nucleic Acids Res. 46,
D1083-D1090. https://doi.org/10.1093/nar/gkx1042.

Taylor, P.D., Frank, S.A., 1996. How to make a kin selection model. J. Theor. Biol. 180,
27-37. https://doi.org/10.1006/jtbi.1996.0075.

Tejada-Martinez, D., Avelar, R.A., Lopes, 1., Zhang, B., Novoa, G., de Magalhaes, J.P.,
Trizzino, M., 2022. Positive selection and enhancer evolution shaped lifespan and
body mass in great apes. Mol. Biol. Evol. https://doi.org/10.1093/molbev/msab369.

16

Ageing Research Reviews 89 (2023) 101982

Templeman, N.M., Murphy, C.T., 2018. Regulation of reproduction and longevity by
nutrient-sensing pathways. J. Cell Biol. 217, 93-106. https://doi.org/10.1083/
jcb.201707168.

Teuliere, J., Bhattacharya, D., Bapteste, E., 2020. Ancestral germen/soma distinction in
microbes: expanding the disposable soma theory of aging to all unicellular lineages.
Ageing Res. Rev., 101064 https://doi.org/10.1016/j.arr.2020.101064.

Teuliere, J., Bernard, C., Bapteste, E., 2021. Interspecific interactions that affect ageing:
age-distorters manipulate host ageing to their own evolutionary benefits. Ageing
Res. Rev. 70, 101375 https://doi.org/10.1016/j.arr.2021.101375.

Teuliere, J., Bernard,C., Corel, E., Lapointe,F.-J., F.-J, Martens, J., Lopez, P., Bapteste, E.,
2022. Network analyses unveil ageing-associated pathways evolutionarily conserved
from fungi to animals. GeroScience.

Teuliére, J., Bernard, C., Bonnefous, H., Martens, J., Lopez, P., Bapteste, E., 2023.
Interactomics: dozens of viruses, co-evolving with humans, including the influenza a
virus, may actively distort human aging. Mol. Biol. Evol. https://doi.org/10.1093/
molbev/msad012.

Toren, D., Kulaga, A., Jethva, M., Rubin, E., Snezhkina, A.V., Kudryavtseva, A.V.,
Nowicki, D., Tacutu, R., Moskalev, A.A., Fraifeld, V.E., 2020. Gray whale
transcriptome reveals longevity adaptations associated with DNA repair and
ubiquitination. Aging Cell 19, e13158. https://doi.org/10.1111/acel.13158.

Tozzi, A., 2014. Evolution: networks and energy count, 343-343 Nature 515. https://doi.
org/10.1038/515343c.

Treaster, S., Karasik, D., Harris, M.P., 2021. Footprints in the sand: deep taxonomic
comparisons in vertebrate genomics to unveil the genetic programs of human
longevity. Front. Genet. 12, 678073 https://doi.org/10.3389/fgene.2021.678073.

Vaupel, J.W., 2022. The Pull of the Plateau and the Sway of the Mode: Formal
Relationships to Estimate the Pace of Senescence. https://doi.org/10.31235/0sf.io/
se7xg.

Visick, K.L., Stabb, E.V., Ruby, E.G., 2021. A lasting symbiosis: how Vibrio fischeri finds a
squid partner and persists within its natural host. Nat. Rev. Microbiol. 19, 654-665.
https://doi.org/10.1038/541579-021-00557-0.

W. Vaupel, J., Baudisch, A., Délling, M., A. Roach, D., Gampe, J., 2004. The case for
negative senescence. Theor. Popul. Biol. 65, 339-351. https://doi.org/10.1016/j.
tpb.2003.12.003.

Wagner, A., 2005. Robustness and Evolvability in Living Systems. ed. Princeton
University Press.

Walsh, D.M., 2010. Not a sure thing: fitness, probability, and causation. Philos. Sci. 77,
147-171. https://doi.org/10.1086/651320.

Walters, A.W., Hughes, R.C., Call, T.B., Walker, C.J., Wilcox, H., Petersen, S.C.,
Rudman, S.M., Newell, P.D., Douglas, A.E., Schmidt, P.S., Chaston, J.M., 2020. The
microbiota influences the Drosophila melanogaster life history strategy. Mol. Ecol.
29, 639-653. https://doi.org/10.1111/mec.15344.

Wang, J., Zhang, S., Wang, Y., Chen, L., Zhang, X.-S., 2009. Disease-aging network
reveals significant roles of aging genes in connecting genetic diseases. PLoS Comput.
Biol. 5, €1000521 https://doi.org/10.1371/journal.pcbi.1000521.

Watson, A.K., Habib, M., Bapteste, E., 2020. Phylosystemics: merging phylogenomics,
systems biology, and ecology to study evolution. Trends Microbiol 28, 176-190.
https://doi.org/10.1016/j.tim.2019.10.011.

Wensink, M.J., Wrycza, T.F., Baudisch, A., 2014a. Interaction mortality: senescence may
have evolved because it increases lifespan. PLoS ONE 9, €109638. https://doi.org/
10.1371/journal.pone.0109638.

Wensink, M.J., Wrycza, T.F., Baudisch, A., 2014b. No senescence despite declining
selection pressure: Hamilton’s result in broader perspective. J. Theor. Biol. 347,
176-181. https://doi.org/10.1016/j.jtbi.2013.11.016.

Williams, G.C., 1957. Pleiotropy, natural selection, and the evolution of senescence.
Evolution 11, 398-411. https://doi.org/10.1111/§.1558-5646.1957.tb02911.x.

Williams, G.C., 1966. Adaptation and Natural Selection. Princeton University Press,
Princeton, NJ.

Witten, T.M., Bonchev, D., 2007. Predicting aging/longevity-related genes in the
nematode Caenorhabditis elegans. Chem. Biodivers. 4, 2639-2655. https://doi.org/
10.1002/cbdv.200790216.

Witzany, G., Baluska, F., 2014. Evolution: viruses are key players, 343-343 Nature 515.
https://doi.org/10.1038/515343b.

Wuttke, D., Connor, R., Vora, C., Craig, T., Li, Y., Wood, S., Vasieva, O., Shmookler
Reis, R., Tang, F., de Magalhaes, J.P., 2012. Dissecting the gene network of dietary
restriction to identify evolutionarily conserved pathways and new functional genes.
PLoS Genet 8, €1002834. https://doi.org/10.1371/journal.pgen.1002834.

Yang, Y., Santos, A.L., Xu, L., Lotton, C., Taddei, F., Lindner, A.B., 2019. Temporal
scaling of aging as an adaptive strategy of Escherichia coli. Sci. Adv. 5, eaaw2069.
https://doi.org/10.1126/sciadv.aaw2069.

Yang, Y., Karin, O., Mayo, A., Song, X., Chen, P., Lindner, A.B., Alon, U., 2022. Damage
dynamics in single E. coli and the role of chance in the timing of cell death. htt
ps://doi.org/10.1101,/2022.10.17.512406.

Yushkova, E., Moskalev, A., 2023. Transposable elements and their role in aging. Ageing
Res. Rev. 86, 101881 https://doi.org/10.1016/j.arr.2023.101881.

Zhang, Q., Nogales-Cadenas, R., Lin, J.-R., Zhang, W., Cai, Y., Vijg, J., Zhang, Z.D., 2016.
Systems-level analysis of human aging genes shed new light on mechanisms of aging.
Hum. Mol. Genet ddw145. https://doi.org/10.1093/hmg/ddw145.


https://doi.org/10.1038/nature02936
https://doi.org/10.1086/421301
https://doi.org/10.1086/421301
https://doi.org/10.1098/rspb.2021.0851
https://doi.org/10.1371/journal.pgen.1007272
https://doi.org/10.1016/j.arr.2021.101422
https://doi.org/10.1038/nature04957
https://doi.org/10.3390/cells10010174
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref134
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref134
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref134
https://doi.org/10.3390/biology9120455
https://doi.org/10.3390/biology9120455
https://doi.org/10.1371/journal.pcbi.0030256
https://doi.org/10.1371/journal.pcbi.0030256
https://doi.org/10.1111/1365-2745.12079
https://doi.org/10.1371/journal.pone.0086602
https://doi.org/10.1371/journal.pone.0086602
https://doi.org/10.1126/science.abl7811
https://doi.org/10.1073/pnas.1916748117
https://doi.org/10.1186/1742-4933-9-23
https://doi.org/10.1101/gr.106849.110
https://doi.org/10.1371/journal.pgen.1000776
https://doi.org/10.1371/journal.pgen.1000776
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref144
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref144
https://doi.org/10.1371/journal.pbio.0030045
https://doi.org/10.1371/journal.pbio.0030045
https://doi.org/10.1371/journal.pone.0048282
https://doi.org/10.1371/journal.pone.0048282
https://doi.org/10.1093/nar/gkx1042
https://doi.org/10.1006/jtbi.1996.0075
https://doi.org/10.1093/molbev/msab369
https://doi.org/10.1083/jcb.201707168
https://doi.org/10.1083/jcb.201707168
https://doi.org/10.1016/j.arr.2020.101064
https://doi.org/10.1016/j.arr.2021.101375
https://doi.org/10.1093/molbev/msad012
https://doi.org/10.1093/molbev/msad012
https://doi.org/10.1111/acel.13158
https://doi.org/10.1038/515343c
https://doi.org/10.1038/515343c
https://doi.org/10.3389/fgene.2021.678073
https://doi.org/10.1038/s41579-021-00557-0
https://doi.org/10.1016/j.tpb.2003.12.003
https://doi.org/10.1016/j.tpb.2003.12.003
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref159
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref159
https://doi.org/10.1086/651320
https://doi.org/10.1111/mec.15344
https://doi.org/10.1371/journal.pcbi.1000521
https://doi.org/10.1016/j.tim.2019.10.011
https://doi.org/10.1371/journal.pone.0109638
https://doi.org/10.1371/journal.pone.0109638
https://doi.org/10.1016/j.jtbi.2013.11.016
https://doi.org/10.1111/j.1558-5646.1957.tb02911.x
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref167
http://refhub.elsevier.com/S1568-1637(23)00141-1/sbref167
https://doi.org/10.1002/cbdv.200790216
https://doi.org/10.1002/cbdv.200790216
https://doi.org/10.1038/515343b
https://doi.org/10.1371/journal.pgen.1002834
https://doi.org/10.1126/sciadv.aaw2069
https://doi.org/10.1101/2022.10.17.512406
https://doi.org/10.1101/2022.10.17.512406
https://doi.org/10.1016/j.arr.2023.101881
https://doi.org/10.1093/hmg/ddw145

	Expanding evolutionary theories of ageing to better account for symbioses and interactions throughout the Web of Life
	1 Introduction
	2 Ecological interactions and co-evolution are relevant for ageing studies
	2.1 Open issues raised by the connections between microbes and ageing
	2.2 Open issues raised by age-distorsion
	2.3 Open issues raised by the connections between division of labor and ageing
	2.4 Open issues raised by the diversity of units of selection in ageing
	2.5 Open issues when measuring fitness
	2.6 Measuring fitness in ecologically intricate communities

	3 Enhancing the evolutionary analyses of systemic aspects of ageing
	3.1 Bridging the gap between evolutionary theories on organismal ageing and data from other biological scales
	3.2 Unravelling the genetic pathways associated with longevity and ageing

	4 Conclusion
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


