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Abstract—Aging is an evolutionary paradox. Several hypotheses have been proposed to explain it, but none fully explains all
the biochemical and ecologic data accumulated over decades of research. We suggest that senescence is a primitive immune
strategy which acts to protect an individual’s kin from chronic infections. Older organisms are exposed to pathogens for a
longer period of time and have a higher likelihood of acquiring infectious diseases. Accordingly, the parasitic load in aged
individuals is higher than in younger ones. Given that the probability of pathogen transmission is higher within the kin, the
inclusive fitness cost of infection might exceed the benefit of living longer. In this case, programmed lifespan termination
might be an evolutionarily stable strategy. Here, we discuss the classical evolutionary hypotheses of aging and compare them
with the pathogen control hypothesis, discuss the consistency of these hypotheses with existing empirical data, and present a
revised conceptual framework to understand the evolution of aging.
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“Oh Gilgamesh! Enlil, the Great Mountain, the father of gods,

has made kingship your destiny, but not eternal life... should not make you feel sad,
should not make you despair, should not make you feel depressed.

You must have been told that this is what the bane of being human involves.

You must have been told that this is what the cutting of your umbilical cord involved.

The darkest day of humans awaits you now.”

“The Death of Gilgamesh”, a version from Nibru, segment E

INTRODUCTION

Aging, defined in broad terms as an increase in mor-
tality with age, is both an evolutionary paradox and the
topic of heated biological and philosophical discussions.
Rooted in religious concepts, the traditional view con-
siders senescence as an entity, organically embedded into
the structure of the Universe with the lifespan parame-
ters predetermined: “...their days will be a hundred and
twenty years.” (Genesis, 6:3), but with the ability of an

* To whom correspondence should be addressed.

individual to modify their longevity within a certain al-
lowed interval: “Respect your father and your mother, and
you will live a long time...” (Exodus, 20:12).

The first attempt to rationally address senescence
was made at the very beginning of the Darwinian era.
In 1881, August Weismann wrote that aging might be an
evolutionary adaptation for clearing injured individuals
who consume precious resources but do not contrib-
ute to reproduction [1]. This view was later dismissed
as a group selection argument that cannot stand if long-
lived defectors are invading the population of short-lived
variants.
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The next evolutionary concept came in 1930.
Ronald A. Fisher argued that, since the replication ca-
pacity of an individual declines with age, so does the
contribution to the future ancestry [2]. This work greatly
influenced John B. S. Haldane and Peter Medawar, who
proposed the “selection shadow” theory [3, 4]. They
stated that, since individuals often die from non-natural,
extrinsic causes (e.g., hunger or predation), the power of
selection is reduced with age. If only a negligible propor-
tion of individuals survive to older ages, senescence might
have little effect on overall animal fitness. Medawar also
hypothesized that aging traits might be linked to the
adaptive traits that increase fitness at an early age, thus
increasing the genetic stability of senescence.

The latter idea was explored by William D. Hamil-
ton [5] and further developed by George C. Williams in
his “antagonistic pleiotropy” theory [6]. He criticized
selection shadow by pointing out that, regardless of se-
lection decline with age, individuals survive to the age of
senescence. Next, he proposed that aging can be favored
by selection if the mechanisms of senescence result from
the action of genes that are beneficial in early life and
detrimental in older ages. This concept was further ex-
tended by Tom B. L. Kirkwood and Robin Holliday [7].
Their model, called the “disposable soma” theory, stated
that “mortality may be due to an energy-saving strategy
of reduced error regulation in somatic cells” to invest the
saved resources into reproduction. This view was strongly
supported by the well-documented negative correlation
between fecundity and longevity [8, 9].

Independently, several mechanistic hypotheses were
developed. In 1963, Leslie Orgel suggested that, because
transcription and translation are error-prone processes,
the mistakes made during the synthesis of macromol-
ecules affect the synthetic machinery itself, creating a
positive feedback loop of deterioration [10]. The field was
dominated for decades by Denham Harman'’s free radical
hypothesis, which proposed that senescence is a conse-
quence of oxidative damage [11]. Other models involved
various damaging factors or even a cumulative, chaot-
ic effect of multiple harmful processes [12-19]. A group
of specifically elegant hypotheses suggested the selfish
evolution of mitochondria [20], transposons [21], and
cancer cells [22] as the primary drivers of senescence.
These views formed a concept crystallized in a publication
titled “hallmarks of aging” [23] that summarized molec-
ular and cellular results and is frequently referred to as a
paradigm of geroscience. However, this review, while pre-
senting a comprehensive list of observations, fails to pro-
vide a mechanistic explanation of why we age [24]. A sub-
set of mechanistic hypotheses proclaims the complexity
of biological systems as the central problem of aging re-
search by reasoning that aging is wired into the inability
of complex systems to sustain homeostasis [18, 25].

A few hypotheses supported by a minority of re-
searchers consider aging as an adaptation itself rather
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than an entropic process or a detrimental side effect of
other beneficial functions. However, intuitively, senes-
cence, which is highly variable in different species in
terms of its developmental time and conserved within
the species, bears a resemblance to other clearly adap-
tive characteristics such as body size or blood pressure.
The adaptive senescence hypotheses claim aging ei-
ther has an ecological role in preventing Malthusian
catastrophes [1, 26-30], mediating faster generational
change, thus accelerating evolution [31-33], or is a pro-
tective strategy to mitigate penalties of infectious diseas-
es [34, 35]. More recently, a novel hypothesis involving
pathogen exposure and the role of aging in the preven-
tion of epidemics may provide a stronger and more com-
prehensive evolutionary hypothesis that overcomes the
limitations of existing models [36, 37].

In the current article, we revisit the field to compare
different evolutionary hypotheses and discuss their par-
simony, explanatory power, and quality of predictions.
Given that “nothing in biology makes sense except in the
light of evolution” (Theodosius Dobzhansky), our dis-
cussion is an attempt to organize these ideas to provide
a path to understanding the purpose of aging, and per-
haps, to instruct development of anti-aging therapies.

ENTROPIC HYPOTHESES:
IS IMMORTALITY IMPOSSIBLE?

Here, we do not use the term “immortal” to refer
to an organism that exists in the environment for a con-
tinuous period of time. Instead, we use it in a sense of
“biological immortality”, meaning that the probabili-
ty of death does not increase with the age. The baseline
mortality may still be substantial, but if it stays constant
over time, an organism should be considered biologically
immortal, or non-aging.

Several primitive metazoans, such as hydra [38],
planarian flatworms [39], and jellyfishes [39] display no
increase in mortality with age and are considered to be
biologically immortal. Several vertebrates belonging to
different taxa may also have negligible senescence [40-44].
However, the lack of senescence in these animals is not
widely accepted since detection of an increase in mortal-
ity is difficult as it takes a very long time.

Yet, senescence may be an organic process rooted
in some basic biochemistry of living organisms. Entro-
py in the form of molecular damage or selfish evolution
may limit lifespan setpoint. Nelson and Masel [22] have
suggested that the intracellular competition within pro-
liferating tissues may be evolutionarily beneficial by re-
moving low-fit and damaged cells. As an unavoidable
side effect, competition favors the best replicators, often
resulting in neoplastic transformation. Thus, they pro-
posed that cancer-preventing mechanisms determine
lifespan as an adverse side effect.

BIOCHEMISTRY (Moscow) Vol. 87 Nos. 12-13 2022
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However, it is unclear how long-living species over-
come the neoplastic problem, and why tissues with lit-
tle proliferation and postmitotic organisms also present
aging-related deterioration [45-47]. Two fundamental
questions emerge from these considerations. First, what
is the maximum lifespan possible in the context of the
neoplastic problem, and second, how can this hypoth-
esis explain the variability of aging across different spe-
cies? Longevity positively correlates with body size and
cancer resistance (Peto’s paradox [48]). A mouse lives
around two years with a body mass of about 20 grams,
and the blue whale lives up to 100 years with a body mass
of ~100 tons. Accordingly, whales should have evolved
effective mechanisms to protect themselves against can-
cer [49-51]. Conversely a small animal has the capacity
to evolve cancer surveillance machinery as efficient as in
whales and live a lot longer. It is unclear why this com-
bination was not produced by evolution. Hence, while
Nelson and Masel’s hypothesis might explain a theoreti-
cal lifespan limit, their work does not identify an obvious
evolutionary determinant explaining the diverse lifespan
setpoints in distinct species.

p <0.0001

1415

Nevertheless, hypotheses like this are prevalent, per-
haps because they resonate with our culturally (or even
pre-culturally) encoded stereotypes of frailty and senes-
cence as an unavoidable part of being, a view broadly
represented across the pre-Darwinian literature. Entro-
py or selfish evolution replace the transcendental powers
while keeping the general perception intact. To overcome
this cultural bias, we introduced a thought experiment
we refer to as the “squirrel test”.

“THE SQUIRREL TEST”

The squirrel test aims to clarify the hypotheses that
seek to explain the primary evolutionary reasons for ag-
ing. The experiment is based on the maximum recorded
lifespans of different squirrel species. Tree squirrels live
1.5-2 times longer than ground squirrels (Fig. 1) [52, 53].
Thus, genetically related, morphologically similar ani-
mals, having a close diet and lifestyle, have statistically
distinguishable lifespan phenotypes. Every valid evolu-
tionary hypothesis of aging should allow the difference

25
e O tree squirrels o
O
=4 O ground squirrels
c 20
m =
Q
(%]
@
G
= 15
g
cv
g
| .
o
o 10
=
=}
S
<
©
=

0 .

10 100

Body size, g

1000

Callospermophilus saturatus

Fig. 1. Tree squirrels live longer than ground squirrels. Maximum recorded lifespan data were collected from the AnAge database. p-Value is from
the two-tailed #-test obtained on maximum lifespans without correction for body size.
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in the lifespan of these closely related species. As a first
example, we use “the squirrel test” to examine the senes-
cence hypothesis that proposes that aging is determined
by the balance between inevitable cancer and anti-cancer
surveillance mechanisms. If tree squirrels control their
neoplasia for many years, why can’t ground squirrels
evolve similar mechanisms?

The same problem can be found with other entro-
pic hypotheses, such as selfish evolution of mitochondria
[20] or transposable elements [21], developmental hyper-
function [54], accumulation of glycation [55], somatic
mutations [14], oxidation [11], telomere shortening [56],
DNA damage [57], complexity-centered ideas [18, 25] and
others. Importantly, many of these processes may be
relevant to senescence and are important to examine.
However, they may not be the primary evolutionary forc-
es driving the evolution of aging and lifespan setpoints.
Below, we will focus on only the hypotheses passing the
squirrel test, as this approach helps to provide a framework
to address the evolutionary principles that determine lifes-
pan setpoints.

NEUTRAL AGING:
SELECTION SHADOW

The selection shadow hypothesis states that aging is
a collection of detrimental traits that are expressed at the
late age, irrelevant for selection. In his book “New Paths
in Genetics,” Haldane discusses Huntington’s disease,
an autosomal dominant inherited disorder that usual-
ly strikes between 30 and 50 years of age. By that time,
most carriers have already had children and thus might
have passed the pathologic mutation on [4]. The selec-
tion shadow hypothesis passes the squirrel test if we pro-
pose that ground squirrels are more prone to die than
tree squirrels due to extrinsic reasons, not surviving to
the age of senescence.

The selection shadow concept can find its immediate
validation when focusing on species that are subject to die
by time-determined reasons, such as evaporation of wa-
ter pools in seasonal Kkillifishes. Different species of killi-
fishes can live in permanent water reservoirs or in ones
that dry out during the summer. The species inhabiting
the ephemeral waters have one of the shortest lifespans
among vertebrates (about 3-9 months for Nothobranchi-
us furzeri), but those that occupy permanent waters live
much longer (2-3 years) [52, 58]. The same tendency was
found in seasonal insects [59] and in Neurospora crassa
exposed to regular anthropogenic fires [60]. Thus, a com-
plete lack of selection in older ages results in the deteri-
oration of residual lifespan. However, most animals are
not exposed to deterministic lifespan termination. Prob-
abilistic mortality cannot ensure the elimination of the
entire age class, so the number of survivors cannot be
zero. Since selection shadow proposes zero fitness loss
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due to aging, it requires that animals in the wild should
never reach the age of senescence. This key requirement
of the selection shadow hypothesis is likely to be incor-
rect. Thus, Williams argued that, according to the athletic
records and life tables, a physical decline in humans starts
in their thirties, and “surely this part of the human life-
cycle concerns natural selection” [6].

An increase in mortality with age was observed in
multiple natural populations of species from various taxa,
including Mammalia, Aves, Reptilia, Amphibia, and
even Arthropoda, showing that in many species, individ-
uals survive to the age of senescence [61, 62]. This pre-
sumes the existence of some other evolutionary reason
to evolve senescence, even if it is detrimental to fitness.

ADVERSE SIDE EFFECTS
OF BENEFICIAL TRAITS:
ANTAGONISTIC PLEIOTROPY

Antagonistic pleiotropy proposes that aging, even
under negative selection, develops due to damaging side
effects of genes with pleiotropic functions [6]. If some
hypothetical gene is beneficial in younger ages and detri-
mental later in life, it will be favored by selection. Due to
extrinsic mortality, the proportion of elderly individuals
is lower than younger ones, so selection for beneficial
traits expressed at late ages is reduced. Moreover, the se-
lection gradients decline with age even without consid-
ering extrinsic mortality: younger individuals are usually
the majority of animal populations just due to the basic
laws of population growth [63]. Therefore, the pleiotro-
pic alleles postulated by Williams as “...genes that have
opposite effects on fitness at different ages...” can be se-
lected for [6]. This hypothesis also passes the squirrel
test if we assume that ground squirrels (but not the tree
squirrels) have some fitness benefits in early ages that
they are hindered by in their later years.

One of four fundamental assumptions of antagonis-
tic pleiotropy, taken from the selection shadow hypothe-
sis, is the idea of a declining selection gradient. It is also
grounds for one of nine predictions formulated in the
seminal paper: “low adult death rates should be associat-
ed with low rates of senescence, and high adult death rates
with high rates of senescence” [6]. In support, Williams
brought an example of birds and bats that have much
longer lifespans than terrestrial mammals of compara-
ble sizes, supposedly because of their ability to use flight
to avoid predation. Correlation between senescence and
extrinsic mortality attracted substantial attention in later
years and, despite the ongoing debate on its mathemat-
ical consistency [64-66] and evidence that its effects on
lifespan evolution depend on other ecological conditions
[67, 68], it is still considered a key falsifiable prediction
of the antagonistic pleiotropy hypothesis [69]. The eco-
logical data on this correlation (excluding the above
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Fig. 2. Extrinsic mortality does not define the rate of senescence. Maximum recorded lifespan data were collected from the AnAge database.
No correction for body size was made. Data on annual survival are from the sources listed in Table S1, see Online Resource 1. Annual survival
of adult individuals was collected. If data for females and males were present, the average value was calculated. If several options were available,
age class-specific and sex-specific data were prioritized in the order mentioned. If several options with the same level of details were present, higher
survival values were selected. Data presented here should be interpreted with care, as maximum lifespan can be biased by the size of the array ana-
lyzed, and the annual survival can vary in a broad range between seasons and different populations. Nevertheless, the evidence suggests some level
of uncoupling of senescence from extrinsic mortality. a) Longevity of bird species seems to be higher than that of non-volant mammals with com-
parable annual survival. p-Value was produced from the two-tailed t-test made on the slopes. Regression lines were produced with an exponential
model. b) Some species of bats and frogs demonstrate unexpectedly high longevity if compared to non-volant mammals and birds with comparable
annual survival. Regression lines are from panel (a). Note that not all bats are long-lived [272]. The frog data are biased since only species with long

recorded lifespans were selected for data collection.

examples when death is strictly determined by the envi-
ronment) are ambiguous. The classic result that seem-
ingly supports the prediction was obtained in the Virginia
opossum (Didelphis virginiana) by comparing a protected
insular population and a continental population exposed
to predation [70]. Insular opossums had slower senes-
cence, longer lifespans, and a later onset of reproduc-
tion. However, this finding was not supported in other
studied populations. In some cases, the correlation had
the opposite trend. For example, guppies (Poecilia retic-
ulata) and Daphnia from hunted populations had slower
senescence than those inhabiting a protected environ-
ment [71-73]. The analysis of annual mortality and lon-
gevity in different species of mammals showed no strong
correlation after correction for body size [74]. Moreover,
the annual survival of long-lived animals, such as birds
[75-77], bats [78], or frogs [79], seems to be lower than
those of non-volant mammals with comparable lifespan
setpoints (Fig. 2). Therefore, the data offer limited sup-
port for one of the main predictions of antagonistic plei-
otropy in its classic formulation.

While the failure of Williams’s key prediction does
not entirely disprove his theory, the true Achilles heel of
antagonistic pleiotropy resides in its discord with modern
molecular genetics. The concept of pleiotropic genes was
contemporary to the formation of the mechanistic views
on mutation and recombination, the same year as the
central dogma of molecular biology was proclaimed and
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almost a decade before the genetic code was deciphered.
The variability and plasticity of genomes at that time
were largely underestimated. For example, Hermann
J. Muller wrote in 1950, “the average [human] individual
is probably heterozygous for at least 8 genes” [80], instead
of ~3 Mio of polymorphic sites. Hence, the antagonistic
pleiotropy hypothesis clearly could not account for the
consensus that was formed decades later. The main idea
of the hypothesis, the existence of genes with opposite
effects at different ages, indirectly implies non-evolvable
genetic features. Indeed, the connection between two
traits encoded by a single gene should be a genetic trait
itself. If being under negative selection, this connection
should be distorted by evolution, or, alternatively, the
negative effect of the gene should be neutralized by mu-
tations in other regions of the genome. While genes with
the properties predicted by antagonistic pleiotropy were
identified [81], explanations of their genetic stability
were missing. The hypothetical mechanistic examples of
senescence-promoting pleiotropic genes brought up by
Williams and others in later literature are not very con-
vincing. Here, we will discuss Williams’s example, which
is still widely cited in the field [69]: “...mutation arising
that has a favorable effect on the calcification of bone in the
developmental period but which expresses itself in a sub-
sequent somatic environment [age] in the calcification of
the connective tissue of arteries. If the gene becomes estab-
lished in the population and if this later effect is eventually
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deleterious, a selective premium would be placed on any
gene that might suppress this arterial calcification. As the
suppression approached completion, however, the selection
pressure for further suppression would diminish. Complete
suppression would probably never be realized.” [6]. This
brings us to the situation, when, (i) according to the
key premise of Williams’ paper, the trait of later artery
calcification is under negative selection, (ii) an inde-
pendent compensatory evolution of this trait is mecha-
nistically possible, but (iii) paradoxically, the fixation of
a beneficial trait does not proceed to completion. This
scenario contradicts the core ideas of natural selection.
The mechanistic connection between bone formation in
youth and later calcification is also questionable: these
two processes are well separated in time and space and
can be regulated independently. Furthermore, cases
where faster growth and calcification are combined with
a longer lifespan are numerous. For example, relatively
long-lived birds grow faster than mammals [82] and uti-
lize calcification during their adulthood for eggshell for-
mation. Thus, the effect of rigid pleiotropic genes may be
inconsistent with the plasticity and adaptability of regu-
latory networks uncovered by modern genetics.

An elegant variation for the source of pleiotro-
pic genes comes from host—pathogen interactions [83].
The pleiotropic properties of genes conferring pathogen
resistance may have adverse effects on longevity. Infec-
tious diseases are one of the most powerful selective forc-
es in nature. Genes that interact with pathogens evolve
much faster than the rest of the genome [84]. The evolu-
tion of immune genes induces adaptive responses in the
pathogens and vice versa in an endless arms race [85, 86].
Some known genes associated with resistance to patho-
gens come with a substantial fitness cost. A classic ex-
ample of such a trade-off is sickle cell anemia. The mal-
adaptive phenotype only manifests in homozygotes who
carry two copies of the pathological allele of hemoglobin
[87]. Heterozygotes are healthy and possess partial re-
sistance to malaria. Despite its detrimental effects, the
pathologic allele occurs in relatively high frequencies in
human populations historically exposed to malaria [88].

Can senescence be a maladaptive consequence of a
trade-off between resistance and longevity? While mod-
eling approaches suggest that it can [83], the empirical
evidence suggests the contrary. First, several long-lived
mutants of roundworms [89, 90] and fruit flies [91] dis-
play higher resistance to pathogens. Also, long-lived spe-
cies are expected to have a better immune defense [92]
together with improvements in other maintenance sys-
tems [50, 93-95]. Therefore, lifespan does not seem to
correlate negatively with general immune robustness.
One can argue that hypothetical pleiotropic genes might
be stabilized only by a few exceptional pathogens, such as
malaria, that impose very robust selection pressure and
are not prevented by general immune mechanisms. This
argument also is not compelling: malaria is a relatively
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recent pathogen, and sickle cell anemia may be a nov-
el adaptation [96] with the potential for its maladaptive
trait to be removed by evolution e.g., by duplication of
the gene encoding hemoglobin that would allow for re-
tention of both wild-type and pathological/resistant
forms in every individual. Thus, the prevalence of sickle-
shaped anemia is an evolutionary snapshot rather than
a long-term steady state. Furthermore, similarly inher-
ited pathogen-stabilized genetic disorders have entirely
different symptoms. For example, cystic fibrosis might
be associated with resistance to tuberculosis and other
bacterial diseases and manifests in an altogether differ-
ent symptomatic pattern [97-99]. Therefore, if aging is
a result of such interactions, the manifestation of senes-
cence would be expected to vary in different species and
even different populations of the same species exposed
to different pathogens. However, aging mechanisms are
surprisingly conserved among various taxa [23], making
this variant of antagonistic pleiotropy doubtful.

To rescue the antagonistic pleiotropy as a unifying
hypothesis of aging without revisiting the basics of mo-
lecular genetics, one needs to suggest the existence of
some fundamental trade-off defined by universal laws
of nature. For example, the physical sizes of animals are
defined by the trade-off between the benefits of being
big and non-linearly increasing energetic demands to
maintain and move a large body [100]. Maximum sizes
of insects are believed to be limited by the rate of oxygen
diffusion in their tracheal system and hemolymph [101].
If these types of trade-offs could be identified for lifes-
pan, they would bring the antagonistic pleiotropy into an
agreement with genetics. The most elaborated concept
in this line, the “disposable soma” hypothesis, proposes
that energy limitation is the basis of a trade-off between
longevity and Darwinian fitness.

AGING AS AN ENERGY-SAVING STRATEGY:
DISPOSABLE SOMA

The main focus of the disposable soma hypothesis
[7] is the way organisms invest limited resources. It pro-
poses that, since animals are restricted in nutrients,
energy must be allocated either to reproduction or to
body maintenance. With some parametric assumptions,
a short-lived strain with faster reproduction might out-
compete a long-lived variant with a slower reproduction
rate. If an individual produces hundreds of progeny,
and its successors are also replicating exponentially, the
lifespan of the very first ancestral individual might ap-
pear to be unimportant for selection. On the contrary,
the reproduction rate, which defines the base of the ex-
ponent in the equation describing population growth, is
critically important. Therefore, evolution always favors
reproduction over maintenance. Disposable soma passes
the squirrel test if we assume that ground squirrels invest

BIOCHEMISTRY (Moscow) Vol. 87 Nos. 12-13 2022



EVOLUTION OF ADAPTIVE AGING

more in their reproduction and child care. Notably,
fecundity and longevity are known to correlate inversely
between different animal species [8, 9, 102], confirming
the central postulate of this hypothesis.

However, disposable soma cannot fully explain ag-
ing [103]. First, population growth is not always limited
by resource availability. In many instances, the elimi-
nation of predators by humans has resulted in explosive
growth in prey numbers [104, 105]. Thus, it is easy to
envision a situation in which resources are sufficient for
both replication and maintenance.

Second, populations in nature do not grow expo-
nentially but rather oscillate around some steady-state
values. Faster reproduction at the expense of longevity
might indeed be beneficial during population increase,
but longer life and lower fecundity might be selected
when the population numbers are declining or are stable.
Consider animals with sexual reproduction and senes-
cence in a population with stable numbers and a low rate
of extrinsic mortality (e.g., elephants or whales). To re-
tain the representation of its genes in the gene pool at
the same level, an individual needs to produce at least
two progeny that will survive to the age of reproduction.
This can save energy only if the amount of nutrients
spent on bringing the offspring from the zygote to adult is
smaller than the resources required to maintain a parent’s
body further. If the nutrients for parents and juveniles
are coming from the same pool, the scenario runs into
a contradiction with basic laws of energy conservation.
In the case of exponentially growing populations, the
disposable soma model runs into an internal contradic-
tion regarding food abundance: the environment should
be rich enough to maintain the growing progeny and, at
the same time, be limited when it comes to investing in
the body maintenance of the parent.

Third, resources are unevenly distributed in space
and time. If available energy is a limiting factor for lon-
gevity, during a rich season when the food is sufficient
for both maintenance and reproduction, some animals
would activate a program of rejuvenation or at least de-
lay their senescence. Mechanisms for slowing down ag-
ing do exist in nature but are activated under conditions
of low resource abundance (caloric restriction) [106-
108]. This is the opposite of the expectations of the dis-
posable soma hypothesis. Kirkwood and Holliday have
tried to adjust their theory by redefining severe caloric
restriction as a “famine” that is different from regular re-
source shortage [109, 110] and arguing that many species
do not reproduce when exposed to famine and invest in
maintenance only. However, these arguments do not ex-
plain why we cannot see the activation of a senescence-
delaying program under “better than optimal” condi-
tions when food is in excess.

Also, disposable soma received some more specific
criticism. (i) Although mammalian females invest more
energy in reproduction than males, they senesce with
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substantially slower rates in most species [111]. (ii) Dis-
posable soma proposes substantial investments in main-
tenance. However, organisms still need to spend large
amounts of energy to continually regenerate proliferat-
ing tissues (e.g., skin, blood, gut epithelium). Thus, this
hypothesis focuses only on the residual maintenance
costs beyond day-to-day repair. The size of the budget
was never calculated and it remains unclear, whether it
contributes significantly to the overall lifetime expendi-
ture. Moreover, some long-lived species evolved more
energetically efficient systems for damage control than
short-lived species, thus making long-lived body main-
tenance cheaper [95]. (iii) Longevity of the parent can
be uncoupled from the number of offspring [112-114].
In some cases, simultaneous selection for a longer lifes-
pan and higher fecundity is possible [115-117]. (iv) En-
ergy intake decreases in older ages [118], but according
to the hypothesis, higher investments in maintenance,
if the food source is abundant, should be sufficient to ex-
tend lifespan.

Antagonistic pleiotropy and disposable soma are
frequently grouped together as “pay later” hypotheses:
young organisms “borrow” fitness from themselves in
the future. While being internally non-contradictory,
these hypotheses lack measurable factors controlling se-
nescence. It is unclear what this means from a physio-
logical point of view, as the currency for the borrowing
transaction or the reasons for its evolutionary stability are
unknown. Thus, the term “pay” is not clearly defined.

Yet another argument against “pay later” hypo-
theses is a requirement for a pre-set and rigid investment
strategy. Hamilton’s [5] and Williams’ [6] concepts as
well as disposable soma implicitly suggest that the in-
dividual distributes its hypothetical limited resources
between early and late fitness and that this distribution
strategy cannot change. For example, in the case of the
disposable soma hypothesis [7], an aged individual can-
not stop investing in reproduction and channeling the re-
sources into rejuvenation.

Taking all in consideration, we believe that the argu-
ments against the classical hypotheses, including those list-
ed above and below, are at the moment stronger than the
arguments in favor of them, and that the evolutionary the-
ory of aging requires additional refinement [103, 119, 120].

CRITIQUE
OF ADAPTIVE AGING HYPOTHESES

Historically, the very first evolutionary hypothesis
claimed senescence as an adaptation evolved to release
resources consumed by potentially maimed older or-
ganisms [1]. This idea was subsequently disproved as a
group selection concept. The frequently cited arguments
against adaptive aging were summarized by George
C. Williams in 1957 [6]. These are:
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“1) The fallacy of identifying senescence with mechani-
cal wear [an argument related only to Wiesmann’s theory],

2) the extreme rarity, in natural populations, of individ-
uals that would be old enough to die of the postulated death
mechanism [disproved by Williams in the next pages],

3) the failure of several decades of gerontological re-
search to uncover any death mechanism [nowadays, one can
claim cellular senescence, cancer, and many other age-
related disorders as a mechanistic basis of programmed
death], and

4) the difficulties involved in visualizing how such a
feature could be produced by natural selection...”

Thus, of the four arguments raised by Williams, only
a single one (the fourth) stands the test of time. Indeed,
we still have not found the evolutionary benefits and uni-
versal selection mechanisms that limit the animal’s life-
span. The general challenge faced by the adaptive aging
hypotheses is the imbalance between the strong individ-
ual penalty of aging and the diffuse weak benefit it pro-
vides. If aging is an adaptation, it should be a strong al-
truistic trait that would fulfill Hamilton’s rule [121-123]
for being selected by evolution: »*b >¢, where r is relat-
edness between actor and recipient, b is the benefit for a
recipient, and ¢ — the cost for an actor. Since 7 < 1, the
hypothetical benefit » should exceed cost ¢, which in this
case equals the life cost of an altruist. Thus, the shorten-
ing of the lifespan of an individual should generate a very
robust and unambiguous benefit to its kin, that should
exceed the cost of its residual lifespan. The nature of this
benefit is unclear.

An additional argument often used to disprove the
possibility for aging as an adaptation is the absence of
aging-escape mutants [124]: adaptive senescence should
be programmed somewhere in our genome, and these
mechanisms could be destroyed by genetic mutations.
However, biologically immortal mutants are not ob-
served in nature or laboratory experiments. Mutations
that prolong lifespan were usually associated with sub-
stantial adverse fitness effects in agreement with the pre-
dictions of antagonistic pleiotropy [81]. Thus, the crite-
ria for a realistic adaptive aging hypothesis, in addition
to stability in the squirrel test, should include the ability
to explain a near-universal benefit of a shorter lifespan,
the mechanisms of its selection, and the absence of bio-
logically immortal mutants, a combination of conditions
considered impossible by many scientists [112, 124, 125].

Nevertheless, evidence that death can be adaptive
is readily found in the literature. Bacteria [126] and uni-
cellular eukaryotes [127-129] commit adaptive suicide —
phenoptosis [130] — when infected with pathogens or
under other conditions. In the case of unicellular organ-
isms, phenoptosis is functionally equivalent to bacterial
programmed cell death or apoptosis. Among metazoans,
a number of semelparous species likely commit phenop-
tosis shortly after reproduction [131]. Although semel-
parity was described in mollusks [132], mammals [133],
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insects [134], and other taxa [131], some scientists con-
sider it as a secondary trait, resulting from exhaustion
upon breeding. An exception is made for Salmonidae
species (e.g., Pacific salmon, Oncorhynchus tshawyts-
cha), the anadromous fishes that migrate from the ocean
up to freshwater and die soon after reproduction [135].
Their death is accompanied by multiple organ failures,
including immune deterioration and neurodegeneration,
within two weeks and can hardly be considered a result of
exhaustion [136-138]. The evolutionary hypotheses pro-
posed so far suggest that salmon’s fry might feed on the
decomposing corpses [139, 140], see below. Thus, under
certain ecological conditions, lifespan termination might
be favored by selection.

Yet another underappreciated argument in sup-
port of adaptive aging comes from cellular and molecu-
lar biology. In entropic and “pay later” hypotheses, the
maintenance machinery is assumed to be imperfect and,
thus, allow damage to accumulate (Fig. 3a). On the con-
trary, programmed aging hypotheses suggest that repair
systems are robust in early ages and decline with time
(Fig. 3b). These two opposite scenarios can be combined
if the accumulated damage itself is detrimental to the re-
pair systems (Fig. 3c) [10]. The observations made so far
are likely to support the adaptive aging model (Fig. 3b):
the activity of multiple molecular repair systems, such as
DNA repair [141], autophagy [142], proteostasis [143],
and RNA quality control [144] decline with age. At the
same time, these repair systems can be reactivated at later
ages by genetic, pharmacological, or environmental in-
terventions, resulting in lifespan prolongation. Moreover,
genes involved in repair are transcriptionally downregu-
lated during aging [145, 146]. For example, the expres-
sion of Sirtl, a gene involved in DNA repair, is reduced
in older mice [147]. These facts fit neither the model
of a simple accumulation of damage (Fig. 3a) nor the
damage-dependent deterioration of repair (Fig. 3c) and
suggest aging to be an evolutionary adaptation (Fig. 3b).

Regardless of the long history of neglect, the hy-
potheses of adaptive aging are still viable and developing.
There are three types of adaptive aging hypotheses classi-
fied by the benefit aging might produce: (i) prevention of
Malthusian catastrophes and resource release [1, 26-30],
(ii) acceleration of evolution [31-33], and (iii) pathogen
control [34-36].

RESOURCE RELEASE

The resource release models propose aging to be a
mechanism that evolved to prevent overcrowding and
resource exhaustion. However, the published models
demand very strong assumptions: they require frequent
group eliminations in the patches with long-lived variants
due to local demographic collapses [29], a group selec-
tion framework, close to John Maynard Smith’s haystack
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Fig. 3. Three models of damage management. a) Entropic and “pay later” hypotheses consider damage control mechanisms to be imperfect, and
damage to accumulate across the lifespan, finally resulting in senescence. b) The adaptive aging hypotheses claim the developmentally encoded
decline in the maintenance machinery leads to the accumulation of damage. ¢) A model explaining a decline in maintenance systems by a positive
loop involving adverse effects of accumulated damage on the repair. Note that this model does not assume a developmental program of aging.

model [148]; or impose unrealistically strong limitations
on the dispersal of the individuals [27, 28, 30].

Furthermore, population control might be me-
diated by density-dependent inhibition in fecundity
[149, 150], making aging redundant and expensive as a
population-limiting strategy. Therefore, aging as a near-
universal phenomenon cannot be explained based solely
on resource release concepts.

ACCELERATION OF EVOLUTION

The concept of acceleration of evolution proposes
that a shorter generation time might mediate faster turn-
over of genetic variants and fixation of the adaptive traits
[31-33]. However, the benefits of such enhancement of
evolution seem to be elusive. In fact, accelerated senes-
cence may increase the effect of genetic drift in response
to non-relevant evolutionary challenges and so reduce
genetic variability essential for further evolution. Models
of accelerated evolution are not convincing as they typi-
cally consider only a single selective factor [33, 124, 151].
In natural populations, individuals are exposed to mul-
tiple selective pressures. We believe that strong selective
factors should be able to remove unfit individuals with-
out assistance from the side of senescence. Enhancement
of weak selection factors might result in increased genet-
ic drift, reduced genetic variation, and failure to adapt to
environmental changes. Moreover, while the models are
built for asexual populations, recombination might com-
plicate these models since the newly evolved adaptive
traits will be readily combined with a high-fit non-aging
allele. The models that strive to explain aging in sexual-
ly reproducing populations require genetic links between
aging and some beneficial traits, bringing these works to
the subclass of antagonistic pleiotropy hypotheses [151].
The acceleration of evolution concept also expects low
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aging rates in slowly evolving species, a prediction that
fails in nature: slowly evolving sharks or tadpole shrimps
are not the most long-lived animals if compared to other
fish and arthropods, while the rapidly evolving taxa, such
as primates or cetaceans, are among the longest-lived
mammals [52, 152]. Also, this concept does not exclude
immortality, and its near-absence in nature is not ex-
plained. Thus, at the current stage of development, ac-
celeration of evolution hypotheses also fail to explain ag-
ing as a ubiquitous phenomenon.

LIFESPAN AND EPIDEMICS

A group of adaptive hypotheses claims that aging
evolved to control epidemics of infectious diseases [34-
36]. Indeed, pathogens are a universal and powerful
selective factor [84, 86], and the intrinsic disease-inde-
pendent mortality (lifespan setpoint) of the host is an
important parameter in epidemiological models [153].

In a seminal study, limiting lifespan was suggest-
ed to reduce the burden of chronic infections [34].
If the probability of an individual becoming infected is
equivalent across the lifespan and no recovery is pre-
sumed, older individuals are expected to be infected
more often than younger ones. So, the removal of old-
er individuals by aging obviously results in a decrease
in chronic pathogen load. If one assumes that infec-
tion adversely affects reproduction [154], shortening
the lifespan might paradoxically result in an increase
in the population growth rate. Kirchner and Roy as-
sumed a clustered metapopulation model with sporadic
disease-independent elimination of clusters with their
consequent recolonization from the survived ones (sim-
ilar to the haystack model [148]), a scenario can be en-
visioned in which the shorter lifespan takes over the
population [34].
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Disease-mediated selection of a shorter lifespan
was also suggested as a hybrid model involving elements
of population density control, acceleration of evolution,
and disease prevention with the emphasis on overcrowd-
ing as a reason for epidemic [35]. In spatially distributed
populations with zero migration, death by aging was pro-
posed to leave parts of the experimental lattice vacant.
The model assumed epidemics of highly infective diseas-
es with absolute mortality. Regions, with a proportion of
vacant sites were incompletely eliminated by outbreaks
due to percolation effects (similar to the glades limiting
forest fires). Short-living variants were also more effi-
cient in fixing the pathogen resistance alleles [35].

However, neither model is a universal explanation
of aging. Both involve group selection, a condition be-
lieved to be rare in nature [148]. Both require constant
severe epidemics to sustain the selective pressure against
the longer lifespan, a premise that contradicts observa-
tions. Furthermore, such epidemics should promote a
fast selection of host resistance. Kirchner and Roy [34]
do not even claim the identification of a unifying hy-
pothesis of aging as the effect was limited to clustered
metapopulations. The future development of their model
resulted in convergence with antagonistic pleiotropy dis-
cussed above [83]. The model of Mitteldorf and Pepper
[35], in addition to the involvement of group selection
and unrealistically severe pathogens (see also [155]), is
very sensitive to host migration [124]. Both hypotheses,
while passing the squirrel test and explaining the evo-
lutionary benefits of aging, were unable to explain the
absence of non-aging escape mutants. Thus, if analyzed
carefully, both conclude that pathogens cannot be a uni-
fying evolutionary driving force of aging, as the models’
requirements are unrealistically high.

A novel framework considering pathogen control as
the driving force of aging.

Using realistic epidemiological and population
dynamics models, we constructed a theoretical frame-
work, supporting the idea that pathogens may be the
force behind the evolutionary benefit of aging. The new
model proposes that aging can be a unifying adaptation
to limit the establishment and progression of infectious
diseases [36].

First, we found that populations of short-lived in-
dividuals, in addition to reduced pathogen prevalence
[34], bestow additional benefits when facing epidemics.
Thus, novel pathogens infecting a new host species from
another species or the environment might require sub-
stantial time to adapt to a new host. For example, some
substrains of HIV-2 have been described only in single
patients and are believed to be zoonotic viruses, not
adapted to transmit efficiently from human to human
[156, 157]. Our model shows that the shorter lifespan of
a species might limit the time window available for such
chronic pathogens to evolve better transmissibility, thus
preventing zoonotic transmissions.
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Next, we found that dramatic declines in infected
population densities — bottlenecks [158] — during natural
oscillations or migration into a new environment might
be associated with pathogen clearance. If the last infected
founders die before the density is reconstituted to levels
permissive for epidemics, the pathogen will become ex-
tinct in that population. This effect depends directly on the
species’ lifespan. Thus, a short lifespan has population-
level benefits. Next, a simulation designed based on this
hypothesis demonstrated the scenario of short lifespan
selection. The selection in our model was based on sev-
eral realistic and general assumptions concerning the
host’s population structure and pathogen properties.
We considered viscous animal populations [140, 159, 160],
where limited dispersal makes infectious contact be-
tween relatives more likely [155]. The kin-specific bias
of pathogen transmission might also be shaped by social
and family structures, which should be considered in fu-
ture simulations. We also assumed that dispersal is, to a
certain extent, density-dependent [161, 162] as compe-
tition for resources in densely populated regions pushes
animals into more sparsely inhabited areas. Both of these
assumptions are entirely realistic, discussed in the liter-
ature, and can be widespread. We constructed a simple
and intuitive stochastic model to investigate this scenar-
io, recapitulating both presumptions (Fig. 4; Video 1,
see Online Resource 2).

Regarding the pathogen properties, the model as-
sumes chronic pathogens with strong negative effects
on reproductive fitness. Such pathogens are present in
nature: evolutionary parasitology predicts pathogens to
rather sterilize their hosts than shorten their lifespan to
facilitate transmission [163]. Some pathogens use the
host’s sterilization as a part of their reproductive strate-
gies [164, 165]. Several human sexually transmitted dis-
eases, such as gonorrhea, chlamydia, and syphilis, cause
infertility [166, 167]. Reduced fecundity occurs in other
chronic diseases, such as HIV [168], leprosy [169], HCV
[170], tuberculosis [171], herpes [172], and many others.
Furthermore, sterilization caused by coinfection with
several mild chronic pathogens can also be envisioned.
Thus, the pathogen-related conditions that satisfy the
model’s criteria are also realistic.

We modeled a population of short-lived individu-
als invaded by a long-lived mutant. With this model, we
observed the stabilizing selection of shorter lifespans that
occurred by the following mechanism: (i) in the early
stages, the pathogens and long-lived mutants are spa-
tially separated from each other, allowing mutants to ex-
pand due to their low mortality, (ii) the pathogens spread
in the area occupied by long-lived hosts and, due to the
reasons described above, becomes more prevalent than in
short-lived hosts, (iii) higher pathogen prevalence results
in higher sterilization and lineage-specific population
decline that, in combination with population pressure of
short-lived populations, results in a complete displacement
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of the long-lived individuals (Fig. 4f; Video 2, see Online
Resource 3). Thus, in the presence of sterilizing chronic
pathogens, a limited lifespan setpoint might be an evo-
lutionarily stable strategy protected from the invasion of
long-living defectors.

We found critical factors that affect the selection of
lifespan setpoints in this model. In addition to popula-
tion viscosity, the rate of pathogen transmission, degree
of sterilization, and host birth rate are important factors
to the outcome of the competition.

Population viscosity is a key conceptual parame-
ter of the model. Suppose the population is well-mixed
and interactions between its members are promiscuous.
In that case, the infection is not biased toward the indi-
vidual’s kin, and the benefit of shorter lifespan cannot be
delivered specifically to relatives. Under such conditions,
following the basic Tragedy of the Commons scenario
[173], a longer lifespan is fixed by evolution.

We found that pathogens with too high or too low
infectivity cannot mediate selection of shorter lifes-
pan: if a pathogen is transmitted at a very high level, it
infects short-lived and long-lived populations both at
high levels, producing no selectivity. If transmission
is too low, the prevalence of the pathogen and, there-
fore, its adverse effects on long-lived strain population
growth is insufficient. Selection favoring short lifespans
requires a highly (90%) sterilizing pathogen or a com-
bination of mildly (10-40%) sterilizing diseases that can
provide a strong cumulative penalty in coinfected hosts
(Fig. 4h). All pathogens in the model were assumed
to be chronic.

Thus, we conclude that only a subset of pathogens
can affect the evolution of lifespan. However, consider-
ing the vast abundance of parasites in nature and their
negative effects on the host’s fitness [154, 174], it is rea-
sonable to assume that a sufficient number of pathogens
will fulfill these criteria in most species. Furthermore,
since we found populations of long-lived individuals to
be a more suitable substrate for the adaptation of the
novel “zoonotic” pathogens transmitted from different
species, the spectrum of prospective pathogens is further
expanded.

Unlike previous models of pathogen control type,
our scenario does not require group selection or ongoing
severe epidemics to explain a limited lifespan setpoint.
Importantly, our hypothesis also mitigates the problems
associated with the evolution of the host’s resistance to
pathogens: selective pressure towards the shorter lifespan
might be provided by zoonotic pathogens, the exposure
to these pathogens is limited, and the likelihood for the
evolution of resistance is reduced. In another scenario
involving several milder pathogens, each of these patho-
gens confers only a little selective power to drive the evo-
lution of resistance.

A negative association between host birth rate and
evolution of lifespan in epidemiological models was re-
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ported in the previous group selection models [34, 35],
and was stable in our kin-selection model as well
(see below).

Importantly, we identified a selection mechanism
that prevents the emergence of aging escape mutants.
The scenario of selection described above presumes that
the same trait (i.e., long lifespan) can be beneficial short-
ly after its emergence before the pathogen is established
in the long-lived strain and detrimental after introduc-
ing a pathogen (Fig. 4f). We showed that this selection
mechanism makes the evolutionary capacity of produc-
ing long-lived mutants a detrimental trait. A short-lived
paternal strain is vulnerable to partial displacement by
long-lived mutants, which are in turn, unstable due to
infection penalties. The strain incapable of producing
long-lived mutants might get a long-term selective ad-
vantage (Fig. 4g). These interactions might promote the
fixation of gatekeeping mechanisms that limit the evolv-
ability of lifespan. The concept of evolvability suppres-
sors, selected to stabilize the far-sighted traits, was pro-
posed by Lee Altenberg in 2005 [175] and was discussed
afterward in the context of a resource release hypothesis
of aging [29]. However, to our knowledge, our model is
the first to show a potential implication of Altenberg’s
selection in the evolution of lifespan without the involve-
ment of group selection. Furthermore, the existence of
evolvability suppressors predicted by our model is a po-
tential explanation of mutations that prolong lifespan
but reduce reproductive fitness, typically considered as
evidence of “pleiotropic genes.” However, unlike classic
hypotheses, linkages between senescence and vital func-
tions in our model are favored by selection, and not fixed
by chance [6, 81].

Thus, our hypothesis fulfills all four criteria criti-
cal for an adaptive hypothesis of aging. Our hypothesis
passes the squirrel test if we assume ground squirrels are
exposed to higher selective pressures from the pathogen’s
side (see below). We can explain the benefits of a short-
er lifespan and identify the mechanism of selection. The
Hamilton’s inequality in the case of pathogen control
hypothesis becomes:

2r¥b>c,

where the left part represents the sum of all benefits of
the altruist’s relatives coming from prevention or limita-
tion of the epidemics. We can also explain the absence of
non-aging or extremely long-lived mutants. We propose
these factors as critical, enabling the pathogen control
framework to be considered as a unifying hypothesis of
the evolution of senescence.

Having revised the current evolutionary hypothe-
ses of aging, in the next pages, we will examine a num-
ber of aging-related observations and discuss their
agreement with the existing evolutionary hypotheses
of senescence.
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AGING-RELATED OBSERVATIONS
AND THEIR FIT WITH AGING HYPOTHESES.
UNIVERSALITY AND VARIABILITY OF AGING

Aging is nearly ubiquitous in nature [61], and this
leads the entropic hypotheses to postulate that senes-
cence is a fundamental property of living matter. Never-
theless, the variation in senescence rates in different
species is significant [62]. For example, the lifespan set-
points of mammals range from about 2 years in the forest
shrew to more than 200 years in the bowhead whale [52].
This plasticity does not fit the idea of aging as a basic
biochemical feature of life. Furthermore, a handful of
organisms display no detectable senescence (see above).
Thus, aging does not seem to be a necessary property of
life and is likely to be shaped by some ecological factors.
The prevalence of aging suggests these ecological factors
are universally present with few exceptions.

Classical “pay later” hypotheses (antagonistic plei-
otropy and disposable soma) identify the high extrin-
sic mortality, the involvement of some lifespan-related
trade-offs [6], and energetic limitations [7] as critical pa-
rameters that drive the evolution of senescence. Howev-
er, none of these is sufficiently widespread to explain the
universality of aging.

“Pay later” hypotheses do not formally exclude bi-
ological immortality to evolve (e.g., in an abundant and
well-protected environment, not a rare combination of
conditions). However, these assumptions poorly explain
the exceptional lifespans that are found not in the pre-
dicted environments. For example, the naked mole rat
is an example of an extremely long-lived species [44].
Nevertheless, mole rats are heavily hunted by snakes and
are not living in a specifically rich environment com-
pared to other rodents [176].

On the contrary, pathogens are universal compan-
ions of every free-living species and an exceptionally
strong selective force [84, 86]. The epidemics control
hypothesis relies on this key factor to explain the uni-
versality of aging and show a fair ability to explain the
variations of lifespan in different species by involving pa-
rameters that modulate epidemic processes (see below).

IMMORTALITY IN PRIMITIVE METAZOANS

The reported lack of senescence in hydra (Hydra
vulgaris) [38], planarian flatworms (Schmidtea mediter-
ranea) [39], and jellyfishes (Turritopsis dohrnii)[39] is a
paradox that classical hypotheses of aging cannot fully
resolve. First, the evidence for the existence of biological
immortality is a critical problem for entropic hypotheses.
The “pay later” hypotheses and adaptive aging hypoth-
eses claim that immortality in these species is caused by
their inability to mechanistically disconnect reproduc-
tion and regeneration or, as it was pitched in the earlier
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manuscript, they are “...organisms in which the distinction
between soma and germ-plasm may not exist” [6]. As soon
as the disconnection is feasible, senescence evolves with
the gains from trade-offs (“pay later” hypotheses) or the
adaptive benefits specific to each adaptive hypothesis.
In the case of the pathogen control model, it is a lower
disease burden. A recent study demonstrated that upon
stress, asexually reproducing hydras switch to a sexual
lifecycle that includes senescence[177]. It is tempting to
speculate that it might be associated with a reaction to
infectious diseases.

INDIVIDUAL MUTATIONS
CAN PROLONG LIFESPAN,
BUT IMMORTAL MUTANTS ARE ABSENT

The plasticity of aging is generally not expected if
aging is a general property of life somehow embedded
into the basis of biochemistry. The “pay later” hypothe-
ses propose that mutations may shift the balance towards
a longer lifespan through the expense of detrimental
side effects. The absence of immortal mutants results
from the multiplicity of deterioration processes that are
unlikely to be compensated by a few point mutations
or from some hypothetical mechanistic constraint that
makes the evolution of a longer lifespan difficult.

The pathogen control hypothesis agrees well with
the evidence of aging plasticity since aging is proposed
as a regulated adaptation. This is the first adaptive ag-
ing hypothesis that provides a model to explain the ab-
sence of immortal escapers by evolvability suppression
(Fig. 4g) [36, 175]. The “pleiotropic” detrimental effects
of mutations extending lifespan can be considered mani-
festations of these evolvability control mechanisms.

CORRELATION BETWEEN
LONGEVITY AND BODY SIZE

The correlation between animal body size and lon-
gevity is a well-characterized covariance [8, 178-181].
Indeed, the obvious ecological constraint requires an an-
imal to have enough time to grow big to utilize the bene-
fits of its size, and this observation is stable in the context
of every evolutionary hypothesis of aging [182].

However, this correlation is reversed in mutant vari-
ants and artificially selected breeds of animals. Thus,
growth-defective mutants of mice and flies have pro-
longed lifespans [183, 184], a pattern opposite to the
correlation observed when different species’ lifespans
are compared. The most renowned example is the lon-
gevity of dogs: small breeds survive substantially longer
than large ones [185]. In humans, Laron’s syndrome
dwarfism is associated with a lower incidence of type II
diabetes and certain types of cancer and might prolong
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lifespan [186, 187]. Growth seems to be detrimental to
lifespan at the individual level. Growth hormones (GH/
IGF-1) are believed to be involved in regulating the size
and aging in model organisms [188], dog breeds [189],
and humans with Laron syndrome [190], emphasizing
the mechanistic conservation of the physiological con-
nection between aging and growth.

These observations suggest that, while the ecolog-
ical trade-off favors a longer lifespan in bigger animals,
the physiological trade-off between growth and aging
goes opposite. Based on these views, smaller long-lived
mutants, if released into the wild, would be expected to
evolve to either a bigger size or shorter lifespan.
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Fig. 5. Longevity—fecundity trade-off explained by pathogen control
hypothesis. a) The interface between short-lived and long-lived popula-
tions is in Fig. 4f. b) Required (but not sufficient) condition for selection
towards shorter lifespan. The gradient of lifespan-dependent pressures
obviously always favors the long-lived strain (since 8, <9, ,), while the
reproduction-dependent gradient - the short-lived strain (8,, > 8, P).
Therefore, an increase in 8, results in an increase in selection power
towards a shorter lifespan. ¢) The population pressures affecting the
outcome of selection: mortality and fecundity both affect the popula-
tion pressures. 8, and d,, are pressures produced due to the short and
long lifespans, correspondingly. 8, is the pressure produced due to the
reproduction of a healthy population. P is pathogen-dependent steril-
ization. 8,, P — the pressure produced due to the reproduction in the
infested population, P is a degree of sterilization; P < 1.
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This complex interaction of factors can be explained,
to a greater or lesser extent, by all the non-entropic evo-
lutionary hypotheses. However, in our opinion, the most
parsimonious explanation comes from the concept of
adaptive aging. It claims that, while longevity is a nec-
essary prerequisite for larger body size, the process of
growth is mechanistically connected to the aging timer to
adjust aging rates with individual developmental progres-
sion. With this argument, one can explain the existence
of lifespan prolonging potential and the reasons why this
potential is not activated ubiquitously. Thus, deviations of
aging rates in breeds of dogs and other artificial mutants
are explained by a lack of exposure to the ecological niche
to optimize their lifespan.

CORRELATION WITH METABOLIC RATE

Animals with faster metabolic rates are believed
to age faster [191-193]. This correlation is often cited to
support entropic hypotheses: increased damage levels
occur at higher metabolic rates [194]. However, this cor-
relation is not absolute. Birds and bats, the two groups of
long-lived animals, have very high metabolic levels [195].
Moreover, body size inversely correlates with metabolic
rates in mammals [196, 197], and a correction for body
sizes makes the correlation between metabolic level and
longevity statistically insignificant [182]. Thus, the dam-
age accumulation hypotheses struggle to account for
these observations.

Nevertheless, while the ecological connection be-
tween metabolic level and longevity is under debate,
the physiological trade-off was clearly shown in multi-
ple models. Mutants with lower metabolic speeds have
a prolonged lifespan [198-200]. As in the case of body
sizes, the adaptive hypotheses of aging interpret this as
evidence of an interaction between metabolic speed and
the aging timer.

FECUNDITY-LONGEVITY TRADE-OFF

A well-described ecological observation is a cor-
relation between longevity and the number of offspring
[8, 9, 102]. The longevity—fecundity trade-off forms the
foundation of the disposable soma hypothesis [7] and
the modern life-history theory [201, 202]. However,
this trade-off is more obscure in individual life histories.
The lifespan of a virgin Drosophila female is longer than
that of mated ones [203]. However, more detailed analy-
ses showed that this effect is not due to the exhaustion as-
sociated with egg-laying but rather a specific mating-as-
sociated phenomenon mediated by a sex-peptide in the
male sperm. Females, mated with the fertile sex-peptide
null mutants, have had a prolonged lifespan, whereas
those crossed to the sterile sex-peptide positive partners

BIOCHEMISTRY (Moscow) Vol. 87 Nos. 12-13 2022



EVOLUTION OF ADAPTIVE AGING

have had shortened lifespans [204-206]. Fecundity-lon-
gevity trade-off can be uncoupled in Drosophila [207].
The correlation between post-reproductive longevity and
women’s parity was minor or nonexistent, depending on
the study [208]. Thus, the disposable soma-based predic-
tions seem to work at the level of species and fail at the
individual life history level.

The pathogen control hypothesis identifies an eco-
logical connection between longevity and fecundity in
epidemiological models via effects on balance in popula-
tion pressures between highly infected long-lived individ-
uals and less infected short-lived individuals [36]. Both
birth rate and mortality affect the population growth
rate. Consider a population with very low fecundity.
A tiny increase in longevity would affect the population
growth more than in a highly fecund population. With
an increase in birth rate, the relative role of longevity for
maintaining the population pressures decreases, so that
the longer lifespan of the highly infected long-lived in-
dividuals might become incapable of providing sufficient
population pressure to balance the higher levels of repro-
duction of less infected short-lived strain (Fig. 5). Thus,
the pathogen control hypothesis dissects the mechanism
of this correlation, suggesting an ecological paradigm in
which a higher birth rate should result in the evolution of
a shorter lifespan and vice versa.

Notably, this mechanism does not contradict the
life-history theory but provides a model alternative to the
disposable soma. Yet, the predictions of the two hypoth-
eses are slightly different. The disposable soma proposes
senescence to be in a physiological trade-off with fecun-
dity and to correlate better with the caloric investment
in reproduction. The pathogen control hypothesis con-
siders these two parameters to be in an ecological trade-
off and, therefore, predicts the population growth rate
to correlate better with the lifespan. The investigation of
these two correlations might help discriminate between
the two hypotheses.

CALORIC RESTRICTION AND HORMESIS

The disposable soma hypothesis proposes senes-
cence results from energy allocation to reproduction at
the expense of maintenance [7]. This view also influ-
enced the modern life-history theory [201, 202]. Howev-
er, this contradicts the observation that caloric restriction
prolongs lifespan [106-108], whereas the ad libitum diet
is not accompanied by extensive self-repair and extended
longevity (see above). Interestingly, caloric restriction is
not a unique stressor that induces a hormetic response.
Some mild stressors, such as suboptimal temperature or
oxidation, also extend lifespan [209-211]. This indicates
the existence of pathways for conditional lifespan pro-
longation. The classical “pay later” hypotheses fail to ex-
plain why these lifespan-prolonging mechanisms are not
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active in optimal or “better than optimal” environments.
Recent research demonstrated that lifespan extension by
caloric restriction largely depends on olfactory cues rath-
er than food consumption [212, 213]. Since smells should
not affect metabolic balances, these observations point
out that hormetic responses are ecological adaptations
and not resulting from physiological trade-offs.

The pathogen control hypothesis may explain this
phenomenon. Since the evolution of lifespan is driven by
population pressures, the pause in reproduction induced
by caloric restriction or other mild stressors also paus-
es the selection if applied to all population members.
Therefore, the hormetic lifespan extension, in this case,
can be adaptive as it allows replicating in more favorable
conditions with only minor pathogen-related fitness
penalties. In agreement with this hypothesis, chronic in-
fections, and inflammation, unlike other environmental
stressors, seem to shorten lifespan [214, 215], an obser-
vation pointing to the unique place of infections for the
evolution of senescence.

LINKS TO EXTRINSIC MORTALITY

Higher senescence rates in species exposed to high
extrinsic mortality (e.g., due to predation or hunger) are
often considered the key prediction of the antagonistic
pleiotropy hypothesis [6, 65, 69].

Empirically, the deterministic death of individu-
als due to seasonality or other periodic reasons results
in the evolution of senescence, which is neutral under
these conditions [58-60]. Thus, if death cannot be avoid-
ed, aging can evolve via genetic drift or even as an en-
ergy-saving strategy, for example, if accumulating dam-
aged molecules is a cheaper strategy than recycling them
[216]. However, data on non-deterministic mortality is
controversial: in some populations, higher predation re-
sults in the evolution of a shorter lifespan [70, 217], but
in others, a longer lifespan [68, 72, 73]. The correla-
tion between annual mortality and longevity in different
mammalian species is on the edge of statistical signifi-
cance [74]. So, a consensus on the interaction between
extrinsic mortality and senescence is still missing [71].

The pathogen control hypothesis suggests complex
and indirect ecological interactions between extrinsic
mortality and aging. On the one hand, high extrinsic mor-
tality might remove old infected individuals to relax the
selective pressure towards a shorter lifespan. This effect
might be stronger if the infected animals are specifical-
ly vulnerable to the extrinsic causes of mortality. On the
other hand, extrinsic mortality might favor the evolution
of earlier maturation and higher birth rate [217], the traits
favoring the evolution of a shorter lifespan in our mod-
el [36]. Therefore, faster senescence might indeed evolve
due to the high level of extrinsic mortality as a secondary
effect of an increase in fecundity. Future modeling and
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empirical work are required to elucidate the exact mode
of interaction between extrinsic mortality and longevity
in the frame of the pathogen control hypothesis of aging.

FLIGHT AND PROLONGED LIFESPAN

Flight correlates with longevity [53, 218]. Flying
birds and bats have longer lifespans than terrestrial mam-
mals of comparable sizes [8]. At the same time, flight-
less birds are believed to have shorter size-corrected
lifespans [218]. The classic hypotheses claim this is due
to the protective effects of flight as a strategy to avoid
predation [6, 219]; however, the mortality of birds and
bats often is higher than that of terrestrial mammals with
a similar maximum recorded lifespan (Fig. 2 [77, 220,
221]). Curiously, a longer lifespan is recorded in gliding
and arboreal animals than in relative terrestrial species
[53, 218]. This explains the differences between ground
and tree squirrels in Fig. 1.

The pathogen control hypothesis proposes flight de-
creases the population viscosity [RAP5]. Disease trans-
mission between non-relative individuals is more likely if
the population is not viscous. In the case of promiscuous
interactions, the individual cannot allocate the benefits
of its adaptive death to its own kin, driving the evolution
of a longer lifespan. Future investigations are required to
characterize the population in order to test predictions of
the pathogen control hypothesis. Long-lived and short-
lived bats are attractive objects for such research.

VARIABILITY OF SENESCENCE
IN DEVELOPMENTAL ISOFORMS

Another example of aging plasticity is variability in
lifespan between developmental isoforms of polyphenic
species. The most studied example is the dauer larva
of Caenorhabditis elegans, which develops in response
to starvation and can survive for ~4 months instead of
2-3 weeks for the regular adult [222]. Another example
comes from the queens in eusocial insects [223] and ro-
dents [224, 225] that live longer than the non-breeding
individuals (see below). A striking example of variability
in lifespan is the migratory monarch butterfly (Danaus
plexippus), that typically lives for less than two months
as a resident adult; however, as a migrant adult, it can
survive for more than six months [226]. Therefore, the
same genetic material might instruct dramatically differ-
ent lifespan setpoints. Entropic hypotheses fail to explain
why the survival program encoded in the genome is not
activated in the short-lived isoforms. The “pay later” hy-
potheses suggest that the trade-offs are different in de-
velopmental variants. Particularly, in the context of dis-
posable soma, one can claim that the dauer of C. elegans
is an energy-saving form that does not invest in repro-
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duction and allocates all the resources towards longevity.
In the case of queens in eusocial species, this hypothe-
sis still can claim that the colony invests more resources
into the queen than in worker maintenance [227]. These
arguments seem to be weak, as it is unclear why suffi-
cient amounts of resources are not available to the short-
lived isoforms in some outstandingly favorable ecologi-
cal niches or during rich seasons. Thus, why the survival
program is not turned on in these “better than optimal”
cases is unclear. The example of monarch butterflies is
specifically contradictory in the context of disposable
soma. While migratory monarchs are quiescent in repro-
duction (a state called diapause), unlike other insects in
this state, they remain physically active while complet-
ing an extraordinarily long trip from Canada to Mexico.
The amount of energy spent during this journey is ob-
viously substantial. With these examples, we emphasize
the general weakness of disposable soma that requires
the cost of maintenance to be quite high from one side
and, at the same time, within reach in the case of the
long-lived developmental isoforms.

The pathogen control hypothesis considers lifespan
to be defined as a trade-off between epidemic penalties
associated with a long lifespan and the ecological bene-
fits of longevity. Therefore, if a longer lifespan is essential
for survival under certain circumstances (harsh environ-
ment, migration), it might evolve to be expressed specif-
ically under these conditions. Pathogens are still present
in the “better than optimal” environments, so the selec-
tion pressure toward a shorter lifespan is not mitigated.

EUSOCIALITY IN INSECTS AND MAMMALS

Eusociality is associated with an extreme variation
in longevity between the individuals of the same spe-
cies [223, 224] and specific social structures. These are
worth discussing separately from longevity variations
of other phenic isoforms. For example, honeybee (Apis
mellifera) queens live 2-5 years, but the workers live 15-
38 days during the summer. Young workers are first al-
located to nursing jobs to take care of the eggs and lar-
vae and do not leave the hive. A few weeks later, they
switch to foraging and collecting nectar for a few more
weeks until their death, which typically occurs outside
the hive. Curiously, if prohibited from leaving the hive,
the workers extend their lifespan to 75-135 days, indi-
cating that the nurse-forager transition is the most im-
portant event in defining their lifespan. Furthermore, if
forced to return back to nursing jobs, foragers prolong
their lifespan. The overwinter stress-resistant variant of
the worker honeybee can survive for 140-320 days [228-
233]. Various classical hypotheses attempted to explain
these patterns with differential hazard protection at-
tributed to different jobs and with energy-saving strategies
[231]. However, ~20% of the foragers survive to the age
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of senescence, thus contradicting the idea of evolutionary
neutrality of honeybee aging [234, 235]. This example of
extreme plasticity demonstrates the apparent absence of
rigid mechanistic constraints that prevent the evolution
of a long lifespan according to the antagonistic pleiotro-
py hypothesis [6]. The disposable soma model [236] also
fails to explain these observations. The key element of this
hypothesis, the nutrition level, does not seem to play a
major role in the lifespan setpoint management of hon-
eybees: it is difficult to envision a case when producing a
new worker might be cheaper for the hive than investing
in the maintenance of the old one.

The pathogen control hypothesis suggests that ag-
ing in different castes is determined by their exposure
to pathogens, their risks of passing the pathogen further
to the colony members, and by their relative cost to the
hive’s fitness. The queen is residing within the hive, the
cost of its fitness is very high, and the relative detrimen-
tal effect of the queen-to-worker pathogen transmission
is probably minimal. The nurses are also residing inside
the hive and are not exposed to pathogens. Foragers
have higher risks of getting infected and can bring infec-
tion inside the colony, explaining why an allocation to
the foraging work limits the lifespan. Intriguingly, tape-
worms are able to extend the lifespan of infected work-
ers, making them as long-lived as the queens [237].

Another example that links longevity and eusociality
are mole rat species belonging to the Fukomys genus, a
group of subterranean eusocial rodents. Breeders in most
of the mole-rat species have substantially longer lifes-
pans than non-breeders, similar to the eusocial insects
[224, 225].

The puzzling exception is a mouse-sized naked
mole rat (Heterocephalus glaber) that showed little if any
detectable senescence after more than 30 years of labo-
ratory observations [44]. Both breeder and non-breeder
castes are believed to be extremely long-lived. This mod-
el is challenging all the classical evolutionary hypotheses
of aging that fail to explain such extreme longevity with
any ecological factors.

The pathogen control hypothesis provides a frame-
work for explaining this phenomenon by linking the
unique longevity of the naked mole-rat to the structure
of the eusocial population, which is also infrequent in
mammals. We propose that eusociality can allow adap-
tive suicide — phenoptosis — as a strategy for pathogen
clearance within the population [155, 238, 239]. If the
infected worker is immediately killed by behavioral or
immune mechanisms, it may benefit its genes since the
reproduction, in this case, is disconnected from the in-
fection. Such an adaptive suicide strategy might keep the
colony pathogen-free, therefore making aging redun-
dant. Little is known about naked mole-rats immunity;
however, these animals are hypersensitive to herpes sim-
plex virus [240] and some bacterial infections [241, 242].
Furthermore, the queens of naked mole rats seem to be
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less susceptible to coronavirus than non-breeders [243]
in agreement with the predictions of the pathogen con-
trol hypothesis. Sequencing of mole-rat immune cell
samples revealed a loss of NK cells in these animals
[244]. Interestingly, immune depression (decline in im-
mune cell numbers) is also observed in bees upon transi-
tion to foraging and recuperates if the foragers return to
nursing [245]. Future experimental research should ex-
plore a potential connection between eusociality, aging,
and phenoptosis in response to infection.

REJUVENATION
AND PROBLEM OF SYMMETRY

Aging is traditionally considered an irreversible uni-
directional process [246, 247]. However, certain age-relat-
ed parameters can be reversed by pharmacological inter-
ventions [248], blood transfusion [249, 250], or physical
training [251]. A remarkable manifestation of physiolog-
ical rejuvenation was observed in bees that shifted from
foraging to nursing [245].

Do these observations reflect a systemic rejuvena-
tion? The case when a “rejuvenated” older animal be-
comes functionally indistinguishable from a younger one

a birth ﬂ t.).i.rthﬂ
birth 7 o009 2

L L 2

young

o8d
infectionj

time

Fig. 6. Rejuvenation poses a critical controversy to the classical hypoth-
eses. a) Senescence in the absence of rejuvenation. b) The opportunity
to rejuvenate results in the symmetry between a parent and a daugh-
ter organism, making aging impossible. ¢) Infectious diseases (black
worms) bring back asymmetry even in the systems with rejuvenation
since the probability of being infected depends on chronological and
not on the physiological age.
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is incompatible with the classic mainstream hypotheses.
Consider a parental organism that produces a genetical-
ly equivalent daughter individual (assume clonal repro-
duction for simplicity) and then undergoes rejuvenation.
Now both individuals are genetically and physiologically
equivalent, share the same extrinsic risks and fertility,
and are symmetrically valuable for selection. Clearly, se-
nescence would be equally maladaptive in both individu-
als without any preferences for a parent (Fig. 6). The loss
of a clear definition of time in such a model causes a
major collision with classic evolutionary hypotheses of
aging since the idea of damage accumulation and the
formula “pay later” both require a unidirectional time
arrow as a critical assumption.

At the same time, rejuvenation itself contradicts
neither the current knowledge in biochemistry (with an
exception for the somatic mutations that we can consider
negligible, for example, in short-living species) nor the
pathogen control hypothesis. Indeed, the probability of
being infected depends on the chronological and not the
biological age and can be a parameter, discriminating
between the rejuvenated parent from its offspring. Future
experiments are required to determine if an overarching
rejuvenation is possible or if the reported phenotypes are
limited only to some particular tissues and can exist only
on the sub-organismal level. If true systemic rejuvenation
is found in any animal model, this fact alone would be
sufficient to force a reconsideration of the whole frame-
work of mainstream evolutionary concepts of aging.

SEMELPARITY AND ACCELERATED AGING

Semelparity can be interpreted as an extreme form
of aging that develops rapidly after reproduction. Se-
melparous species can be found in many taxa (e.g., fish
[135], mollusks [132], insects [252], mammals [253]).
The ecological determinants of semelparity are not en-
tirely clear. Some authors claim that the residual life of a
parent might be less important than an increased number
of offspring and that overinvestment in reproduction is
beneficial even if it results in a deadly exhaust [131, 254].
However, this view does not seem to be persuasive as the
progeny are usually exposed to higher juvenile mortali-
ty and might not survive to adulthood, while adults are
typically better protected. Moreover, in some cases, the
death of parental organisms seems to be caused by an
adaptive developmental program rather than overinvest-
ment in reproduction. For example, surgical removal of
optic glands in female octopus prevents suicidal behav-
ior and substantially prolongs lifespan [132]. Steriliza-
tion prolongs the lifespan of semelparous Pacific salmon
[255]. In semelparous salmonids and marsupial species
post-reproductive death is connected to elevated corti-
coid levels, indicating the programmed rather exhaust-
based nature of accelerated death [256-258].
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These observations clearly indicate that the death
of an individual might be adaptive at least under cer-
tain conditions. Classic hypotheses usually neglect these
facts (e.g., by declaring them to be not related to aging in
the iteroparous species). The pathogen control hypoth-
esis explains the variety of adaptive lifespan shortening.
We hypothesize that semelparity is an adaptation that
evolved to prevent the transgenerational transmission of
pathogens. For example, pathogens might become a se-
rious problem in overpopulated rivers, where the spawn-
ing of Pacific salmon occurs. In support of this concept,
the effects of pathogens on the lifecycle of semelparous
marsupials were also reported [259].

PREDICTIONS TO BE TESTED

Future modeling and empirical work should test the
predictions of the pathogen control hypothesis. Here we
delineate three main lines of the proposed research.

Interaction between aging and immunity. First, the
models presented so far do not include the immune sys-
tem and its interaction with senescence. However, if we
assume aging is a part of the immune response, we would
expect extensive crosstalk between these systems. Aging
is associated with low-grade unresolved inflammation
[260, 261], and chronic immune activation leads to lifes-
pan shortening in experimental settings [215, 262] and to
the acceleration of aging in patients [263, 264]. This sets
chronic infection aside from other mild stressors that
typically reduce the rate of senescence and prolong lifes-
pan [209-211]. Anecdotal cases when pathogens prolong
lifespan are described in eusocial [237] and semelparous
species [265].

The evolutionary interpretation of accelerated aging
by chronic infection can be twofold: the classic hypothe-
sis would suggest this happens due to the allocation of re-
sources towards the deployment of the immune response
at the expense of maintenance[266]. The pathogen con-
trol hypothesis predicts a conditional lifespan shorten-
ing by immune activation to be an adaptive mechanism
of lifespan management, protecting an individual’s kin
(manuscript in preparation). The way to test these two
predictions is to determine if the deployment of pro-
tective immunity in response to a pathogenic stimulus
could be mechanistically uncoupled from the reduction
in longevity (e.g., by genetic mutations or other interven-
tions). If so, it would be a strong argument in favor of the
pathogen control hypothesis. These experiments might
also provide insight into the mechanisms of senescence
and its connection with immunity.

Structure of infectious networks. The pathogen con-
trol hypothesis predicts that the evolution of lifespan de-
pends on the structure of contact networks that define
the routes of pathogen transmission. If networks are bi-
ased to interactions between kin individuals, it will favor
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Fig. 7. Stabilizing selection of short lifespan setpoint and a potential scenario of lifespan shortening. The mechanism of stabilizing selection de-
scribed in Fig. 4f is schematically depicted in the upper-left corner. In the lower-right corner is demonstrated a potential scenario of the shorter
lifespan evolution in the population, where a longer lifespan setpoint initially prevails. Short-lived variants are persisting in such a population under
conditions of high extrinsic mortality or prevalence of sterilizing pathogens. If such a population undergoes a dramatic decline (e.g., due to epi-
demics of sterilizing sexually transmitted diseases), the fragmentation of the range leads to the establishment of sub-populations with high founder
effects. Thus, the pure populations of short-lived individuals can emerge, bringing the model to the scenario of competition described in Fig. 4f.

the evolution of a shorter lifespan. In the case of more
promiscuous chaotic interactions, a longer lifespan will
be favored. Examining this prediction in long-lived and
short-lived species should be a good test for the hypoth-
esis. Species with unusual population structures and ab-
normal lifespans, such as eusocial insects and rodents,
bats, and anadromous fish species, should be investigat-
ed with the means of modeling and ecological studies.
Pathogen abundance and infection-related penalties.
The variability of pathogens is a critical assumption of
the pathogen control hypothesis. Two general scenarios
of selection were suggested. One scenario implies zoo-
notic transmission of a new pathogen. Therefore, animals
from the rich biotopes, exposed to the pathogens from
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the multiple relative species, should experience a stron-
ger selection pressure towards a shorter lifespan. Low
pathogen abundance should relax the selection towards
a shorter lifespan. In good agreement with these expec-
tations, some well-known centenarian species (e.g., bow-
head whale, Balaena mysticetus [267], Greenland shark,
Somniosus microcephalus [268], mollusk, Arctica islandica
[269], and the proteus, Proteus anguinus [40]) are found
in the abiotic arctic or cave environments. However, this
correlation might also be explained by ecological adapta-
tion to low fecundity, resulting from low nutrition levels.

Our model suggests coinfection with several mild
pathogens that results in sterilization by a cumulative
effect (Fig. 4h) [36].
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Comparing the explanatory power of different hypotheses of aging

Damage
accumulation

Antagonistic pleiotropy

Disposable soma

Pathogen control

Key premises

senescence is rooted
in some basic

pleiotropic genes

maintenance is costly

population viscosity

Aging-related observations

biochemical process power of selection replication is favored | prevalence of chronic
declines with age over longevity sterilizing pathogens
. . . basic biochemistry universal factors exhaustlYe p at.hogens
Universality of aging is universal are not provided reproduction are a universal factor
p is not universal of selection

Senescence
affects fitness
in wild populations

better damage control
should evolve if aging
is under selection

beneficial effects
of pleiotropic genes pay
off the penalties

higher reproduction
pays off the penalties

senescence evolved
to mitigate epidemics

Variability
between species

variability
in senescence rates
cannot be explained

a different balance
of advantages provided
by pleiotropic genes

different investment
in reproduction

species have different

population structures
and pathogen
composition

Conserved genetic
pathways involved

senescence
is not expected

to be under tight

genetic regulation

proposes multiple
and chaotic effects
of pleiotropic genes

conserved pathways
control the ways
organisms invest
resources

as an ancient
adaptation, aging
involves conserved
pathways

Immortality in primitive

metazoans?

immortality
is impossible
according to damage
accumulation
hypotheses

immortality exists in cases where reproduction
cannot be uncoupled from regeneration.
Immortality comes with some maladaptive side effects,
specific for each of the hypotheses

Individual genetic

basic biochemical
processes are not

effect of a mutation
in an individual

adaptive aging rate

. . . hanging the balance is under
mutations affect expected to be pleiotropic gene ¢ .
the aging rate strongly influenced is not likely to cause of energy investment devecl(())lrl)& elntal
by a single mutation a substantial effect
oz Iy Uiz basic biochemistr SuUppressors
mutants are absent ; ; Y immortal mutants are not excluded ppressor
is genetically stable of evolvability

in high animals

Species
with larger body sizes
have greater longevity®

the large body requires time to grow

Slow growth correlates
with longevity in
individual life-history®

no good explanation

aging “timer”
depends
on growth rate

Caloric restriction
and mild stressors
prolong the lifespan

why is the existing lifespan-prolonging program not activated
in “better than optimal” conditions?

a balance between
epidemiological risks
and survival®

Fecundity-longevity
trade-off when
comparing different
species!

no good explanation

opposite effects
of pleiotropic genes

equilibrium between
investment
in reproduction
and maintenance

longevity and
reproduction balance
each other when
affecting population
pressures

Poor fecundity-
longevity trade-off
at individual level¢

no explanation required

contradiction

individual life history
is less critical
for lifespan selection
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Table (cont.)

Damage
accumulation

Antagonistic pleiotropy

Disposable soma

Pathogen control

Aging-related observations

Correlation between
metabolic rate
and longevity
in animal mutants®

Poor ecological
correlation between
metabolic rate
and longevity®

Flying animals
live longer

Variability
of senescence
in developmental
isoformse

Longevity
of eusocial breeders

Naked mole rat
(Heterocephalus glaber)

damage accumulates
faster

no good explanation

bigger investments
in reproduction,
more expensive
maintenance

metabolic rate
interacts with the
adaptive aging “timer”

no good explanation

no explanation required

no good explanation

metabolic rate is not
an essential factor
in epidemiological
models

prediction: low
population viscosity’

a balance between
epidemiological risks
and survival

prediction: low
epidemiological risk"

prediction:
adaptive suicide’

prediction: lower

- . . .
Semelparity’ usually consider semelparity outside the scope vertical transmission
multiple trade-offs level of nutrition :t(ill‘(r)el::ll(;)l(l Vg;%'e
between longevity as a key regulator p gen exp
: ) ; and disease
and vital functions of longevity s
sterilization effects
low plasticity
of aging, specific correlation between
Key predictions mechanistic details longevity and
depending on the . . . population structure
hypothesis multiplicity and fecundity-longevity
variability of aging trade-off cannot L.
mechanisms be uncoupled mechanistic
connections between
senescence and
immunity

Hypothesis-specific

problems not covered above

Notes. Reproduced with permission from [37]. Green cells contain supportive arguments, red — contradictions, yellow — predictions.

2 Some species of invertebrates (e.g., flatworm Schmidtea mediterranea [273] and a cnidarian Hydra vulgaris [38]) are biologically immortal.
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® Body size of a given species correlates with longevity: bigger animals live longer [182, 218]. Paradoxically, mutant variants with smaller body sizes
often have a longer lifespan (or healthspan) in domestic dogs (Canis lupus familiaris) [185], humans [187], and model animals [183].

¢ Pathogen control hypothesis assumes population pressures to be a key element of lifespan selection. Famine simultaneously inhibits replication of
all population members and might pause or delay selection progress. Thus, the deceleration of aging during famine might be a reasonable survival
strategy.

4 Longevity inversely correlates with fecundity among different species: highly productive animals are typically short-lived [182]. However, the
lifespan of a particular individual in many cases does not depend on the history of its reproduction [274]; long-lived mutants can be highly fertile
[207]; breeders of eusocial animals are long-lived and fecund [275]. Hence, this trade-off can be uncoupled, suggesting that ecological but not
physiological factors shape it.

¢ Metabolic rate affects longevity when analyzed in model animals: mutant variants with lower metabolic rates age slower [200]. It also may cor-
relate with the longevity of different species. However, this correlation disappeared when the body size effects were excluded [182]. Flying birds
have very high metabolic rates and long lifespans. Non-flying birds are short-lived and have lower metabolic rates [182, 218]. Therefore, longevity
and metabolism seem to evolve independently.

"The longer dispersal distances of flying animals may make their populations better intermixed than in terrestrial species[276]. If individuals inter-
act promiscuously, the pathogen control hypothesis predicts the evolution of a longer lifespan.

¢ An example is reproductive diapause in monarch butterflies (Danaus plexippus): the longevity of overwinter migratory forms can be 5-6 times
greater than that of summer resident adults [277].

h Pathogen control mediated by short worker lifespan is combined with the fitness advantage of a breeder’s extended reproduction period. Consider
a poorly infectious pathogen with a transmission rate of § = 1 per month. It cannot propagate in a colony of eusocial animals with a lifespan 4 < 2
months since each infected host infects less than one susceptible animal: RO < A/2. Breeder-specific long lifespan provides selective advantages
due to an extended period of reproduction, whereas the protection against diseases granted by a shorter non-breeders lifespan remains active.
Breeders typically reside inside the colony and are isolated from the environmental contamination, thus reducing the probability of initial infection
to attack the breeder itself.

i Both breeders and non-breeders of naked mole-rats seem to display negligible aging, thus challenging the general views on senescence [176].
The pathogen control hypothesis produces a potential explanation. If individuals die immediately in response to every pathogen, thus preventing
its spread, the population might be kept virtually sterile of infections, making aging redundant. Eusociality might facilitate the evolution of this
phenoptotic strategy: infected non-breeders may undergo programmed death to protect the reproductive capacity of the breeder. Indeed, some re-
ports suggest these animals are hypersensitive to infections [66] and lack natural killer cells [244]. Further research is needed to test this prediction
accurately.

i Some animals die immediately after reproduction. Semelparity can be considered as an extreme case of fecundity-longevity trade-off [131].
In some instances, the parent’s death seems to have a programmed component and does not happen solely due to exhaustion [278]. The ecological
role of such programmed death is poorly understood. The pathogen control hypothesis proposes that semelparity evolved to prevent the transgen-
erational transmission of diseases.

X The work done so far can explain the evolutionary stability of the limited lifespan and inhibition of invading long-lived mutants [36]. However,
the evolution of a shorter lifespan from a long-lived variant requires additional conditions: short-lived individuals should first accumulate locally to
benefit from their altruism-based mechanism of infection control. Such scenarios might be feasible in epidemiological models but were not studied
yet. However, this problem is minor: mammal’s body sizes predominantly increase with evolution (Cope’s rule) [271]. Since size correlates with
longevity, lifespan should rarely evolve towards shortening.

The feasibility of these two scenarios can be stud-
ied in natural or laboratory populations by investigating
age-related pathogen prevalence, zoonotic transmissions,
coinfection, and infection-induced sterilization.

Problems of the pathogen control hypothesis of aging.
So far, we have compared the pathogen control hypothe-
sis to classic theories. At the current stage of development,
pathogen control explains most of the aging-related ob-
servations and is more parsimonious in terms of assump-
tions required.

Nevertheless, some general issues need to be clari-
fied with this hypothesis. First are the numeric estimates
of the epidemiological and population dynamics param-
eters that may affect the evolution of lifespan. The abun-
dance of pathogens in nature and their ability to decrease
the infected animal’s fecundity is well-established [154];
however additional investigations are needed to empir-
ically evaluate these parameters in wild animal popula-
tions. The same is true for population viscosity: while
it is clear that animal dispersal is limited by the laws of
physics and territorial behavior is a near-universal fea-

ture [270], the exact numeric estimates and the effects of
family and social structure in shaping the kin-specificity
of infectious networks remain to be determined.

Second, the described scenario of selection accurate-
ly explains the prevention of the emergence of long-lived
variants in the preexisting population of short-lived indi-
viduals [36]. However, the evolution of a shorter lifespan
from the long-lived ancestors requires additional condi-
tions. The key requirement is the necessity to nucleate a
sub-population of “pure” short-lived individuals that can
benefit from the low pathogen prevalence and provide suf-
ficient populational pressure to expand further (Fig. 7).

Several scenarios of shorter lifespan evolution can
be envisioned, but the simplest one involves the accu-
mulation of short-lived variants in a population with very
high extrinsic mortality (neutral aging) with a consequent
catastrophic reduction in population density, range frag-
mentation, and appearance of patches with high founder
effects (Fig. 7). Thus, scenarios for establishing a limit-
ed lifespan setpoint is assumed to be more demanding
(Fig. 7) than stabilizing scenario. However, longevity
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correlates with body size [8], and animal body size most-
ly evolves to increase, according to Cope’s rule [271].
Hence, the evolution of a shorter lifespan is expected to
occur infrequently, and the imbalance between the re-
quirements of two scenarios of selection is not critical for
the explanatory power of the hypothesis (table).

SUMMARY

As discussed above, the mainstream evolutionary
hypotheses of aging, despite a long history of investi-
gation, remain controversial. These classic hypotheses
are based on concepts of pleiotropic genes and under-
investment into maintenance as an energy-saving strat-
egy — and do not agree well with modern molecular
genetics and biochemistry. Aging is not universal and
varies among different species, and this variability is only
weakly explained by classic hypotheses. Key predictions
of classical hypotheses failed: extrinsic mortality does
not shape the evolution of senescence; fecundity-lon-
gevity trade-off can be uncoupled. Aging demonstrates
unexpected plasticity, depending on the environment.
Given that this plasticity exists, the responses predicted
by the classic hypotheses are not observed.

The recently proposed pathogen control hypothesis
is more parsimonious in terms of assumptions and makes
a more compelling case than the mainstream hypothe-
ses of aging. It is founded on elements (population vis-
cosity and chronic sterilizing infections) well-accepted
in the fields of population dynamics and parasitology.
It provides focused and clear predictions. Specifically,
this hypothesis provides a potential explanation for the
apparent mechanistic connection between aging and im-
munity [261]. Moreover, the founding elements of the
mainstream hypotheses, the pleiotropic genes and fecun-
dity-longevity trade-off can be explained in the epidemi-
ological models. We assert that pathogen control should
be considered among the main concepts of the evolution
of aging by experimentalists and evolutionary biologists.

Our model suggests that senescence can be an evo-
lutionary adaptation, a view neglected by most research-
ers in the field. If true, this concept should significantly
alter the approach to aging biology.
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Modeling reproduction, death, and movement of in-
dividuals in a viscous population. Video 2, Online Re-
sourse 3. The basic scenario of stabilizing selection that
suppresses the emergence.
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