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Between the 1930s and 1960s, evolutionary geneticists worked out the basic
principles of why organisms age. Despite much progress in the evolutionary
biology of ageing since that time, however, many puzzles remain. The
perhaps most fundamental of these is the question of which organisms
should exhibit senescence and which should not (or which should age
rapidly and which should not). The evolutionary origin of ageing from a
non-senescent state has been conceptually framed, for example, in terms
of the separation between germ-line and soma, the distinction between
parents and their offspring, and—in unicellular organisms—the unequal
distribution of cellular damage at cell division. These ideas seem to be
closely related to the concept of ‘division of labour’ between reproduction
and somatic maintenance. Here, we review these concepts and develop a
toy model to explore the importance of such asymmetries for the evolution
of senescence. We apply our model to the simplest case of a multicellular
system: an organism consisting of two totipotent cells. Notably, we find
that in organisms which reproduce symmetrically and partition damage
equally, senescence is still able to evolve, contrary to previous claims.
Our results might have some bearing on understanding the origin of the
germ-line-soma separation and the evolution of senescence in multicellular
organisms and in colonial species consisting of multiple types of individuals,
such as, for example, eusocial insects with their different castes.

This article is part of the theme issue ‘Ageing and sociality: why, when
and how does sociality change ageing patterns?’

1. Introduction

The basic population genetic principles whereby ageing (senescence) evolves
were understood by the 1960s, based on ground-breaking insights by Peter
B. Medawar [1,2], George C. Williams [3] and especially William D. Hamilton
[4]: because the strength of selection declines with age, ageing evolves owing
to the spreading of alleles that have deleterious effects late in life but that have
either neutral or beneficial effects on fitness early in life (‘mutation accumulation”’
and ‘antagonistic pleiotropy’ theories of the evolution of ageing; reviewed in
[5-8]). Yet, given the remarkable diversity of patterns of ageing and lifespan
among different taxa [9-11] and the apparent existence of organisms that age
slowly or not at all [12-15], an even more fundamental question curiously
remains poorly understood: which organisms should age in the first place and
which should not [3,8,11,16-19]?

Beginning with August Weismann [20-22], various criteria aimed to demarcate
ageing versus non-ageing organisms have been put forward, including for instance
the separation between germ-line and soma, an asymmetry between parents and
their offspring, and the asymmetrical distribution of somatic damage at cell
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division in unicellular organisms [3,5,17,18,23-28]. However,
empirical or theoretical studies of these phenomenological
‘demarcation’ criteria have so far rarely been undertaken (for
some exceptions see e.g. [19,24,26,27,29]).

Here, we first provide a review of the role of the above-
mentioned ‘asymmetries” in the evolution of senescence and
argue, in a similar vein to Kirkwood [25], that they are closely
related to the fundamental issue of ‘division of labour’
(and hence trade-offs) between reproductive and somatic
functions, a point first made in the context of senescence
by Weismann [21]. Second, we develop a toy model of
division of labour and ageing for the simplest kind of
multicellular organism: an organism consisting of only two,
initially completely identical, totipotent cells. Using this
deliberately oversimplified model, and making minimal
assumptions, we examine the conditions whereby such a
system evolves division of labour between reproductive and
somatic functions and how this might affect senescence.

The aim of our review and simulations is to offer some
tentative conjectures that might be relevant for understanding
the evolution of germ-line-soma sequestration and the evol-
ution of ageing in multicellular and colonial species, for
example in eusocial insects where the reproductive division
of labour is often correlated with major differences in lifespan
between castes.

The question of which organisms should age and which
should not, or at least do so only very slowly, is a long-
standing but still poorly understood problem in the biology
of ageing [8,11,16]. Is ageing truly universal among organ-
isms and thus inevitable [18,24], or are there species that
can genuinely defy senescence [8,14,15]? What are the funda-
mental differences between organisms that age and those that
do not? Pondering this major puzzle, various authors have
suggested criteria that might be used to delineate ageing
versus non-ageing organisms [3,5-7,18,20,23,24].

Most notably, Weismann [20-22] (and subsequently also
Williams [3]) claimed that ageing should occur only in those
organisms that exhibit a clear separation between a potentially
immortal germ-line and a mortal soma whose function is to
support reproduction at the expense of its own maintenance
and survival (also see discussion in [5,8,17,18,23,28,29]), an
idea that forms the cornerstone of Kirkwood’s ‘disposable
soma’ theory of the evolution of ageing [28,30-32] and that
is consistent with the key role of trade-offs in shaping the evol-
ution of ageing [3,5-8,17]. Under this view, ageing might be
seen as a phenomenon of the soma [3] and should be prevalent
among metazoans with a clear delineation of germ-line and
soma (so-called Weismannian organisms).

However, as pointed out by Partridge & Barton [23], even a
hypothetical organism consisting only of germ cells or gametes
(and for which therefore no distinction between germ-line and
soma exists) would have a non-zero probability of death or of
becoming unable to produce gametes; consequently, the
strength of selection on survival and reproduction would
decline with age, and ageing would be expected to evolve.
Indeed, in some sense, at an evolutionary time scale, even
the germ-line can be said to age [17,23]: without sexual repro-
duction, clonal lineages accumulate deleterious mutations

(Muller’s ratchet), whereas sexual reproduction and recombi-
nation allow the germ-line to rid itself of DNA damage.
From this perspective, the evolution of sex seems to be essential
for preventing the germ-line from undergoing accumulation of
age-dependent deleterious mutations and thus senescence
[17,23,33]. Importantly, however, some asexual metazoans
that lack clear germ-line sequestration can apparently undergo
senescence [26], thus ruling out the universality of the germ-
line-soma criterion for the evolution of ageing. In support of
these observations, an analysis of 308 multicellular taxa
suggests that ageing in organisms without germ-line-soma
separation is widespread, while some species that do have
clear germ-line-soma differentiation do not appear to undergo
senescence [19].

As argued by Stearns [18], implicit in Weismann’s claim
is the assumption that in organisms with germ-line-soma
separation reproduction is asymmetrical (i.e. the germ-line
specializes in reproduction and is potentially immortal,
but the soma ages and dies), whereas organisms (such as
single-celled protozoans) that reproduce by fission have
symmetrical reproduction. In a similar vein, Williams [3,
p- 403] remarked that ‘Fissile animals would appear at first
sight to lack a soma, but often the products of fission are not
altogether similar. It may be physiologically justified to
regard one as parent and the other as offspring. The asexual
reproduction of turbellarian flatworms, for example, is often
termed fission, but the division is transverse and separates a
head end from a quite different tail end’. Hence, following Wil-
liams’ reasoning [3], and as also discussed by Charlesworth [6]
and Bell [29], truly symmetrically reproducing organisms (e.g.
fissile species that divide into equal parts, symmetrically
dividing unicellular organisms) should not age because they
lack a clear distinction between parent and offspring.

This point was made explicit by Partridge & Barton [23,
p- 310], who stated that “The critical requirement for the evol-
ution of ageing is that there be a distinction between a parent
individual and the smaller offspring for which it provides. If
the organism breeds by dividing equally into identical off-
spring, then the distinction between parent and offspring
disappears, the intensity of selection on survival and repro-
duction will remain constant and individual ageing is not
expected to evolve.” (also see [5,17,24,34,35]). Thus, according
to these authors, the key criterion for the evolution of ageing is
asymmetrical reproduction or, in other words, parent-off-
spring asymmetry [6,17,18,23,24,29]. From this point of view,
without a clear delineation between parents and offspring,
there would be no real biological age structure (i.e. in some
sense, parent and offspring would have identical biological
age, even if they have different chronological age), and the
force of selection would not decline with age. A mere asymme-
try between parent and offspring is, however, not sufficient:
the parent must be older than the offspring. Moreover, this
age difference must translate into age-dependent physiologi-
cal effects that impact fitness. Accumulated damage, for
example, might represent both a physiological correlate of
age (a ‘biomarker’ of age) as well as a physical manifestation
of the senescence process. Reproduction can therefore be
seen as being ‘rejuvenating’ in the sense that the parent retains
aged structures, while in the offspring the ‘biological clock’ is
reset (see [24] and discussion and references therein).

This criterion led to the experimental prediction that asym-
metrically dividing bacteria or other unicellular organisms
should, at least under some conditions, exhibit senescence.



Experiments by Ackermann et al. [36] with the asymmetrically
reproducing bacterium Caulobacter crescentus clearly con-
firmed this expectation. Subsequent work by Stewart et al.
[37] found that senescence also occurs in Escherichia coli,
a bacterium that divides symmetrically into seemingly
identical (!) daughter cells but which exhibits a form of subcel-
lular asymmetry where molecular structures are distributed
unequally among daughter cells, i.e. daughter cells either
retain an ‘old” cell pole (from a previous division) or they
receive a new (young) cell pole created during division.
Cells with older poles accumulate protein aggregates, and
this accumulation is associated with a greater than 30% loss
of reproductive ability (i.e. ageing) of the ‘old pole’ cell lineage
as compared with cells that have inherited a new, ‘young’ pole
at cell division [38]. Further work in this system has shown
that, when damage accumulation exceeds a certain threshold,
the ageing lineage becomes mortal, whereas the rejuvenated
lineage within the same population of cells remains immortal
[39]. For further discussion and some additional examples of
ageing in unicellular organisms see for instance [24,25,40-42].

Building on these findings, Ackermann et al. [24] developed
a simple model of ageing in unicellular organisms. Remarkably,
they found that, starting from completely symmetrical initial
conditions, selection favours the asymmetrical distribution of
cellular damage and leads to the evolution of an ageing
parent that retains the damage and a rejuvenated daughter
cell that is initially damage-free. Thus, in this model, parent—
offspring asymmetry—and hence ageing, according to the cri-
terion outlined by Partridge & Barton [23]—emerge as a direct
consequence of asymmetric damage distribution and imperfect
repair. Complementary theoretical models of damage partition-
ing in unicellular organisms, as well as empirical data from
fission yeast (Schizosaccharomyces pombe), have reached similar
conclusions [43-46]. In further support of the notion that
parent-offspring asymmetry plays a key role in the evolution
of senescence, the asexually reproducing (fissile) marine
oligochaete Paranais litoralis lacks clear germ-line sequestration,
undergoes senescence, and parents produce offspring by ‘regu-
lar growth posterior to a fission zone located at a constant
number of segments from the parental head. The offspring
contains no segment of the parent and is composed entirely of
new tissue.” [26, p. 9921].

Together, the body of work discussed above seems to rule
out the basic idea that the separation of germ-line and soma
is a prerequisite for the evolution of senescence and suggests
that the central requirement for the origin of ageing might be
the asymmetry between parents and offspring [26]. One can,
however, not easily fail to notice some potentially profound
similarities between the different concepts discussed above,
as we discuss next.

Let us now consider how it happened that the multicellular ani-
mals and plants, which arose from unicellular forms of life came
to lose this power of living forever. The answer to this question is
closely bound up with the principle of division of labour ... the
first multicellular organism was probably a cluster of similar
cells, but these units soon lost their original homogeneity ... the
single group would come to be divided into two groups of
cells, which may be called somatic or reproductive.

[21, p. 28]

We believe that the evolution of somatic differentiation ..., and n

not germ-line sequestration, was the necessary condition for the
evolution of senescence.
[26, p. 9922]

In an editorial entitled ‘Asymmetry and the origins of
ageing’, Kirkwood [25] posited that the criteria outlined
above can all be viewed, at an abstract level, as representing
different manifestations of the same sort of fundamental
asymmetry (or ‘differentiation’) which results from the prin-
ciple of division of labour [47-50], an idea already
considered by Weismann [21] (also see [42,50]). The appeal
of this idea is that it can potentially provide a rather natural
explanation for the different asymmetries that might be
involved in the evolutionary origin of senescence, from asym-
metrical damage distribution in bacteria to germ-line-soma
differentiation seen in numerous metazoans. This unifying
concept might thus be seen as a generalization of the
parent—offspring asymmetry criterion discussed by Williams
[3], Charlesworth [6], Bell [29], Partridge & Barton [23] and
others. From this vantage point, the separation of germ-line
and soma might be a sufficient example of such a generalized
asymmetry, but it might not be a necessary one [42].
Following Kirkwood, the origin of ageing might be inti-
mately linked to the division of labour among (or
differentiation of) reproductive versus somatic functions that
support survival (including e.g. maintenance, repair, damage
sequestration, foraging, resource acquisition, growth), which
together determine the fitness (i.e. the expected contribution
to the future gene pool) of an organism or an organismal
‘system’ (e.g. a colony of closely related individuals). There is
typically some ‘tension” between these energetically or other-
wise costly functions; the ‘severity” of this ‘tension” depends
on the details of the trade-offs that exist between them. In uni-
cellular organisms, for example, these fitness-related functions
coexist within a single cell; in non-colonial metazoans, they
coexist among different tissues or compartments within a
single individual; and in colonial species these functions are
fulfilled by different types of individuals within a colony. If
trade-offs between these functions are sufficiently acute, func-
tional specialization or differentiation (i.e. division of labour)
can ‘ease’ this ‘tension’ by temporally and/or spatially
separating them among the constituent parts of the system.
Let us consider some examples in support of this idea.
As mentioned above, in unicellular organisms damage can be
asymmetrically (spatio-temporally) distributed among cells
when they divide, with one cell retaining the damage and the
other being born undamaged [24,37], thus leading to a germ-
line-like and a soma-like lineage of cells [50]. Notably, this
sort of parent-offspring asymmetry does not require
any external, phenotypically visible asymmetry [24,37], for
example, in terms of offspring being smaller than the parent
[23]. Similarly, in many metazoans that exhibit ageing, germ-
line sequestration separates reproductive processes from
somatic maintenance functions [17,27,31,51,52], whereas in
others that age but lack clear germ-line sequestration, division
of labour between reproductive and somatic functions can
nonetheless be observed. In the asexual oligochaete P. [itoralis,
for instance, germ cells develop from undifferentiated pluripo-
tent stem cells while differentiated somatic cells seem to be
stably committed to their somatic functions [26]. According to
these authors, the stability of terminal somatic differentiation
(not germ-line sequestration) prevents somatic cells from
becoming germ cells and renders them disposable [26,



p- 9922]: during the evolution of multicellularity, ‘Some cells
lost their capacity to produce a new individual; they became
committed to functions other than reproduction. Free from
the need for immortality, the metazoan soma became liable to
undergo senescence’. The perhaps most famous example of
such a division of labour is found in eusocial insects, where
some colony members specialize in reproduction (queens in
eusocial hymenopterans and additionally kings in termites)
and others specialize in somatic tasks including, for example,
foraging, colony hygiene, nest defence and social immunity
(e.g. see [47,53] and references therein).

A major consequence of such a division of labour is that the
constituent parts of multicellular (or colonial) organisms or the
cellular lineages of unicellular organisms which fulfil these
separable functions exhibit different mortality trajectories and
hence lifespans (e.g. because of inherent differences in baseline
mortality and/or in age-dependent mortality, for example,
owing to different rates of damage accumulation or investment
into repair) (also see [3,50]). In bacteria, asymmetrical damage
distribution at cell division leads to the emergence of a
damage-accumulating, ageing parent and a rejuvenated off-
spring cell whose biological clock is reset [24,50]; in
Weismannian organisms that reproduce sexually, the poten-
tially immortal germ-line is frequently being repaired and
freed of damage, whereas the sterile, disposable soma performs
essential maintenance tasks, accumulates damage at a faster
rate and is mortal [17,27,31,52]; in eusocial insects, the long-
lived reproductive queens and kings [54] might be viewed as
being conceptually similar to the germ-line, while the short-
lived workers are akin to the soma [55-59]. Such systems (or
lineages) are thus characterized by relatively long-lived and
relatively short-lived, disposable constituents; the longevity of
one part of the system seems to come at the price of the dispo-
sability of another part [25,42,50]. This idea might thus also be
relevant for our understanding of varying rates of functional
senescence of different cell types, tissues, organs or body parts
within an individual organism: although Williams had claimed
that, because "natural selection will always be in greatest opposi-
tion to the decline of the most senescence-prone system’, ageing
in a multi-component system should be synchronized [3, p. 406]
(also see [60]), empirical evidence suggests contrarywise that
many systems exhibit ‘mosaic ageing’, i.e. differential senes-
cence of different constituent parts [61-65]. Moreover, it is also
clear that the division of labour among reproductive versus
somatic functions might not be absolute or perfect: for example,
the ‘barrier’ between germ-line and soma (the so-called
‘Weismann barrier’) is known to be leaky, and the germ-line
itself can manifestly age [66]—the main point, however, is that
the germ-line ages less rapidly than the soma.

Indeed, several lines of evidence are consistent with
the view that, with the division of labour, different reproduc-
tive and somatic functions are characterized by different
lifespans. For example, Goldsby et al. [27], using a compu-
tational model of ‘digital’ multicellular organisms, found
that such organisms can evolve differentiation into reproduc-
tive versus somatic functions and that somatic cells age faster.
Intriguingly, recent work on replicative senescence in yeast
(Saccharomyces cerevisiae) has found that wild-type cells can
exhibit two distinct, apparently mutually exclusive modes
of ageing: mode 1 cells are characterized by increased
instability of nucleoli, whereas mode 2 cells show a decline
of mitochondrial function, with mode 2 cells being shorter
lived and having a greater cell cycle length than mode 1

cells [67]. Similarly, empirical data from eusocial insects
suggest that the degree of division of labour (i.e. the extent
of caste differentiation) is positively correlated with the differ-
ence in lifespan between long-lived reproductive individuals
(queens, kings) and short-lived non-reproductive individuals
(workers); this difference in lifespan between the castes tends
to be smaller in species with totipotent workers which have
the potential to develop into reproductive individuals
[68-72]. Division of labour in terms of damage sequestration
might also lead to different lifespans of distinct parts or mod-
ules in modular organisms: individuals might limit damage
at the organismal level by shedding such damaged modules
and parts. The ‘disposability’ of such damaged parts or
modules at the lower level of organization might help to pro-
mote the longer life of the integrated modular organism as a
whole. This hypothesis, originally proposed by Finch [9], has
recently received empirical support from a comparative
analysis of senescence in plants [73]; the role of modularity
in affecting ageing in animals, however, remains less clear.
Research on volvocalean green algae (some of which
represent unicellular organisms, while others can form multi-
cellular colonies) can serve to illustrate some of these points
[74-79]. Unicellular forms of these green algae are subject to
a structural trade-off between flagellar locomotion and repro-
duction (e.g. [72-75]): in these small planktonic algae, survival
depends on motility (e.g. important for nutrient acquisition,
avoiding sinking to the bottom of the water column, escaping
predators, etc.), yet motile cells cannot divide while dividing
cells cannot move because both processes (motility, mitotic
cell division) use the same organelles either as basal bodies
or as centrioles (also see [47-49,80]). This fundamental
‘tension’ or trade-off between survival and reproductive func-
tions has been solved by colonial forms of these green algae
via division of labour: they have evolved sterile cells that
are specialized in motility, while other cells have become
specialized in reproduction—a situation that is similar to the
differentiation of germ-line and soma [77-79]. Theoretical
work by Michod [77] suggests that if the trade-off curve relat-
ing survival and reproduction is convex, colony formation and
division of labour should be favoured, whereas this should
not happen if the trade-off function is concave (also see
[81,82]). A convex trade-off means that at one end of the
trade-off curve, a decrease in, say, survival is compensated
for by more than a proportional increase in fecundity, thus
favouring specialization in fecundity, whereas at the other
end of the curve, a decrease in fecundity is compensated for
by more than a proportional increase in survival, thus favour-
ing specialization in survival. By contrast, a concave function
implies that there are diminishing returns on investment into
either component, so that specialization into, for example,
reproductive versus somatic functions would not pay off [77].
If the division of labour is favoured, it harbours the
potential for conflict and competition—e.g. over contributing
to the next generation—among the specialized modules,
parts or functions; conflict or competition can, however, to
some extent be overcome if, for example, the specialized mod-
ules or parts are genetically closely related [47,48]. In clonally
reproducing unicellular organisms, for instance, the ageing
mother and the rejuvenated offspring clearly represent distinct
‘individual’ cells but, from the point of view of selection,
they share the same genotype and can thus be thought of as
representing a single ‘individual” [3]. Similarly, in many multi-
cellular organisms, the constituent cells are typically



genetically identical, at least to the first order of approximation
(i.e. with the exception of somatic mutations). In general, for
such multi-level or multi-component biological systems, fit-
ness optimization requires that selection at the higher level
(e.g. the multicellular individual, the colony) supersedes
selection at the lower level (e.g. the individual components
of the integrated system) and that conflict or competition
at the lower level be minimized [47,48]. Yet, using a model
of intra-organismal somatic selection, Nelson & Masel [83]
have recently suggested that such conflict suppression might
be imperfect and that intercellular somatic competition
might make ageing inevitable in multicellular organisms. (If
correct, this would obviously not rule out that some organisms
might age extremely slowly, maybe immeasurably so.)

The above insights into how trade-offs affect the division of
labour have been generalized by Rueffler et al. [49] in a theoreti-
cal analysis of the costs and benefits of functional specialization
in terms of accelerating and decelerating functions that map the
phenotypes of different functional modules to performance.
Similar to the above arguments, this work shows that the div-
ision of labour is favoured when the gain in performance in one
function due to specialization of a module outweighs the loss of
performance in the same task due to specialization of other
modules on other functions. Interestingly, the findings by Ruef-
fler et al. [49] also suggest that, if functional modules are
frequently lost or damaged, selection for ‘robustness’ (i.e. the
reliable ability to perform both tasks) might disfavour the evol-
ution of the division of labour. For example, performance in
one task might affect survival, whereas performance in another
task might affect reproduction. When survival and reproduc-
tion represent multiplicative fitness components, and if either
one of them is strongly decreased, then overall fitness will be
strongly decreased too [49].

It is noteworthy that the process of ageing typically
represents exactly such a loss of fitness, i.e. a decrease of repro-
duction and survival with increasing age. How then can
the evolution of ageing and division of labour be reconciled?
The key to this problem might be that for organisms for which
the force of selection declines more rapidly with age than for
other organisms for which this decline is markedly weaker, div-
ision of labour between reproductive and somatic functions
might nonetheless pay off and be selectively favoured, especially
under high extrinsic mortality. As Kirkwood has put it: ‘There is
therefore little advantage to be gained from investment in poten-
tial somatic immortality when in practice the return on
investment may not be realised. Taking account of the level of
environmental mortality, the better course will always be to
reduce the investment into somatic repair and maintenance to
a level which ensures only that the soma remains in good con-
dition through its normal expectation of life in its natural
environment and to use extra resources liberated by this action
to increase reproduction.” [31]. (N.B. This argument assumes
that damage accumulation is the predominant cause of senes-
cence; for an alternative view see [84].)

We find it telling in this context that many organisms that seem
to age very slowly, if at all, including for instance various basal
metazoans (such as Hydra) and plants [14,85], possess pluri- or
totipotent stem cells that can differentiate into every cell type of
the body, thereby endowing these organisms with a remarkable
capacity for regeneration and rejuvenation [86-88] (also see dis-
cussion in [3,11]). It is intriguing that such pluri- or totipotency
at the cellular level seems to be, at least to some extent, antithetical
to the division of labour among reproductive and somatic

functions discussed above. On the other hand, perennial plants [ 5 |

also seem to be able to remove accumulated damage through
the death of disposable soma-like cells or structures [88], as
already alluded to above [73]. If so, this would again be consistent
with the notion that division of labour (i.e. between pluripotent
stem cells with germ-line-like features and cells or tissues with
some soma-like properties) plays a major role in the evolution of
ageing [26], perhaps even for cases of negligible senescence.
Remarkably, recent work by Aanen & Debets [89] and others
suggests that the distinction between germ-line and soma might
be more profound than previously thought and might extend to
unicellular organisms: for instance, based on empirical obser-
vations that at high cell density mutation rates are strongly
reduced in both prokaryotic and eukaryotic unicellular organ-
isms, and that some ‘mother’ cells continue dividing whereas
their ‘offspring” cells stop dividing, Aanen and colleagues have
found evidence to suggest that the observed reduction in mutation
rate at high density can be explained if mother cells preferentially
retain the template DNA strands, thereby confining new
mutations to non-dividing daughter cells—a phenomenon similar
to the separation of germ-line and soma. This so-called Tmmortal
Strand Hypothesis' [90] is also consistent with data on mutation
accumulation from fungi [91-94].

In summary, our review of the literature above suggests
that various manifestations of the principle of division of
labour might be central to our understanding of the evolution
of senescence. We therefore speculate that the rate (speed) of
senescence observed among different organisms (or their con-
stituent ‘parts’), from slow to rapid ageing, might depend
critically on the details of both the extent and the stability
of division of labour or differentiation (and hence trade-
offs) between various somatic (e.g. damage sequestration,
repair) and reproductive functions.

To further explore these issues, we now turn to discussing
a simple model for the evolution of division of labour and
ageing in multicellular organisms. Previous models of
division of labour have investigated the evolution of germ-
line-soma differentiation and multicellularity [77,81,95] but
not directly in the context of ageing, with a few exceptions:
using an evolutionary model, Radzvilavicius et al. [96] have
suggested that selection for mitochondrial quality has driven
the evolution of the germ-line, with germ-line sequestration
reducing mutational input; in a similar vein, Goldsby et al.
[27] used a computational model of evolvable ‘digital’ multi-
cellular organisms to show that such organisms can evolve
division of labour between reproductive and somatic (‘dirty
work’, i.e. somatic maintenance) functions, with somatic
cells undergoing more rapid senescence, while leaving the
reproductive cells ‘protected’. Our starting point here is the
simplest imaginable case of a multicellular system: an organ-
ism or ‘colony’ that consists of two initially totipotent cells.
We employ this toy model to begin to probe into the potential
roles of different kinds of asymmetries in the evolution of
division of labour and their consequences for ageing.

While pondering how to design a minimalistic model, we
formulated two basic desiderata that the model must fulfil:

(1) Ageing—that is, an increase of mortality and/or decrease
of fecundity with advancing age—or its absence must be
able to evolve.



Table 1. Model parameters.

parameter meaning values in figures 1-3
N population size 10°, 10°, 10°

frnax maximal foraging returns (resources) 6.0, 6.0, 6.0

h half-saturation constant (resources) 0.3,03,03

A exponential distribution of damage increments (1/damage) 2.0. 20, 20

a rate at which repair decreases damage (1/resources) 0.5, 0.5, 0.5

b rate at which reproduction increases with investment (1/resources) 0.1, 0.1, 0.1

s convexity mortality versus damage relation 0.8, 0.8, 0.8

D inverse extrinsic mortality 1000, 1.0, 1.0

m, probability of mortality when deleterious allele expressed 0.05, 0.05, 0.05

r probability single cell regenerates adult after death of partner 1.0, (0,7), (0,7)

U mutation probability reaction norm alleles 0.05, 0.05, 0.05

o standard deviation Gaussian mutation effect sizes 0.5, 0.5, 0.5

Uy mutation probability damage-speific viability loci (neutral to deleterious) 0.001, 0.001, 0.001
Ui mutation probability damage-specific viability loci (deleterious to neutral) 0.0001, 0.0001, 0.0001
Uy mutation probability damage partition locus 0, 0, 0.05

(2) Separation of germ-line and soma must be possible, but
also its absence. Hence, individuals must have at least
two cell types, one of which can in principle monopolize
the production of gametes or clones.

Thus, we embarked on building an individual-based simulation
model of a population containing N bicellular adult organisms.
The life cycle starts with a single cell, which doubles once during
development, giving rise to an adult organism that consists of
two cells, the mother cell designated ‘type 1’ and the daughter
cell ‘type 2. The cells ’know’ their type because we want them
to (eventually) be able to condition their behaviour on their
type, although at the start of each simulation the two cells act
identically (i.e. symmetrically). After development, both cells
are endowed with the same amount of resources, which they
can split, according to genetically determined type-specific
reaction norms, among three energetically costly processes:
foraging for resources, repair of cellular damage, and reproduc-
tion; thus, we assume the existence of trade-offs between
reproduction and somatic maintenance functions, for example,
consistent with William’s ‘antagonistic pleiotropy’ theory
and/or Kirkwood's ‘disposable soma’ theory for the evolution
of senescence [3,30].

First, both cells forage according to how much each has
invested into foraging ability, with resource returns on
allocating x to foraging given by

f(x) :fmaxﬁl (41)

where fiax is the maximal return and F is a half-saturation con-
stant (see table 1 for model parameters and their default values).
The resources gained from foraging are redistributed among the
two cells according to a genetically determined, type-specific
reaction norm that allows each cell to signal its ‘need’. If cell 1
signals s; and cell 2 s,, then cell 1 receives s1/(s; +5;) and
cell 2 the rest. This trait potentially allows a degree of altruism
between cells to evolve, for if s;>s,, then cell 2 will ‘allow’
cell 1 a greater share of the resources than itself, or vice versa.

The resulting ‘symmetry breaking’, i.e. the unequal distribution
of resources between cells, might pave the way for the evolution
of division of labour. (Note that the ‘cells’ in our model could
also be thought of as representing distinct ‘castes” in the case
of eusocial insect colonies.)

Second, each cell accumulates damage, by an amount
drawn from an exponential distribution with rate parameter 1.
Each cell then repairs damage according to how much it has
allocated to repair. Specifically, given an amount y is allo-
cated to repair and an amount of damage d before repair,
the amount of damage after the repair is given by

d' = d exp(—ay), (4.2)

where 7 is a positive constant (table 1). Thus, depending on y,
damage can increase over the lifetime of the organism (small
enough y) or decrease (large enough v), in line with our first
desideratum.

Third, each of the two cells produces an offspring with a
probability that depends on the amount of resources allocated
to the reproduction. Specifically, given an amount of resources
z allocated to reproduction, the probability of producing a
daughter cell is

p=1-exp(-bz), (4.3)

where b is some positive constant. Thus, if nothing is
allocated to reproduction (i.e. z=0), no progeny will be
produced (i.e. p =0). Initially, each daughter cell inherits half
of the damage of the mother cell. Later, we will relax this
assumption and allow for an evolvable, genetically deter-
mined reaction norm to dictate the partitioning of damage
among the cells. Each daughter cell also inherits resources
that are proportional to its mother’s investment into repro-
duction. It then develops into an adult by doubling once,
thereby splitting resources and damage equally between
itself (henceforth designated type 1) and its daughter cell
(designated type 2).
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Fourth, three rounds of mortality are applied. In the first
round, the probability of cellular death m; depends on the
amount of cellular damage d according to:

my = (1 —0)d/D) + c(d/D)*. (4.4)

This is the same function as used by Ackermann et al. [24] ina
somewhat similar model of ageing in unicellular organisms. The
parameter c determines the degree of convexity of the function,
from linear (c =0) to strongly convex (c = 1), while D scales the
effect of damage, with smaller values corresponding to high
extrinsic mortality and high values to low extrinsic mortality.
During the second round of mortality, damage-specific deleter-
ious alleles come in. There are 16 bi-allelic loci with a neutral
allele and a deleterious mutant allele. Each locus is expressed
in terms of a locus-specific range of damage values (i.e. the first
locus for 0 <d <d;, the second locus for d, <d <d, and so on,
where the specific boundary values are evenly spaced and
cover >99% of the observed damage range). This is intended to
mimic a situation where gene expression is conditional on a ‘bio-
marker’ of age—namely damage—which potentially allows the
long-term accumulation of deleterious age-specific mutations
(Medawar’s mutation accumulation theory of ageing [2]). If a
deleterious allele is expressed, the probability of mortality is 11,
for each locus. If after the first two rounds of mortality both
cells of an individual have died, then the individual also dies
(obviously), but if only one of an individual’s cells dies, then
with probability r the surviving cell will double again and regen-
erate a bicellular adult. During the third round of mortality, the
population is culled randomly until N adult individuals
remain, and a new population cycle of foraging, damage
accumulation, repair, reproduction and mortality begins.

The allocation genes for foraging and repair can take any
values x and y on the real line (up to machine precision),
which are transformed to proportions p, and p, by applying
a softmax function, which is defined as

exp(x or y)
1+exp () +exply)

Pxory = (45)

Allocation to reproduction is then p,=1-p,—p,.
During the production of daughter cells, the genetic values
x and y mutate with probability x4, in which case their value
is incremented by drawing from a Gaussian distribution
with mean zero and standard deviation o. The 16 bi-allelic
loci have biased mutations such that neutral alleles are
more likely to mutate to deleterious alleles than vice versa.

Below we provide a first, preliminary exploration of this
model, especially in light of the potential role of parent-offspring
asymmetry and the division of labour for the evolution of
ageing. Simulations were run for 10000 cycles. The code was
written in C++, compiled with g++ 9.3.0 and run under
Ubuntu 18.04 (code and scripts available on https://github.
com/idopen/asymmetry_and_ageing). Data were analysed
with R version 3.6.0 [97] in RStudio 1.2.5019 [98]. R packages
used were tidyverse [99], cowplot [100] and mgcv [101].

Above we have reviewed (mainly verbal) arguments for the
proposition that parent-offspring asymmetry (or, more

generally, division of labour) is necessary for senescence to
evolve, or equivalently, that ageing cannot evolve in the absence
of such an asymmetry [23] (also see [3,6,24,29]). As far as we
know, however, the logic of this simple proposition has never
been tested with a formal model, presumably because the
verbal arguments are quite convincing. We were therefore sur-
prised that, contrary to this proposition, our model predicts that
ageing can evolve in the absence of any parent-offspring asym-
metry (figure 1). Specifically, we assumed that maternal cellular
damage is evenly split between mother and daughter cell. Thus,
barring mutations, mother and daughter cells are indistinguish-
able (i.e. symmetrical). To prevent damage accumulation with
age from having direct deleterious effects upon survival,
which could be regarded as a form of ‘built-in’ senescence,
we assumed that damage has no direct effect on survival.
We did however allow for deleterious mutations with
damage-specific effects to mutate into existence from an initial
population free of such deleterious alleles and hence not
initially subject to any senescence at all. Figure 14 shows that
the frequencies of such deleterious alleles eventually increase
with the amount of damage at which they are expressed. As a
result, the accumulation of damage with age (figure 1e) leads
to an increase of mortality with age (figure 1f), i.e. the defining
hallmark of senescence.

So why does the above-mentioned verbal argument about
parent-offspring asymmetry fail? Here is an instance where a
model can help us to sharpen our intuition and to rethink our
verbal arguments. We can now see that even if parents and
offspring are completely indistinguishable (i.e. symmetrical)
with respect to a biomarker of age (in other words, if the bio-
logical clock is not being reset in offspring), then it is still the
case that individuals (or mother—daughter pairs) with a rela-
tively large amount of damage will be relatively rare and
hence that selection will be correspondingly weaker against
deleterious alleles that are only expressed in the presence of
such an amount of damage. Note that the shape of the fre-
quency distribution of damage (figure 1c) is approximately
inversely proportional to the distribution of (quasi-)equili-
brium frequencies of the corresponding deleterious alleles.

The main argument in favour of parent-offspring sym-
metry precluding ageing is that, without asymmetry between
parent and offspring, the individuals would be indistinguish-
able so that if they would deteriorate over chronological time
and over successive generations, this deterioration would
affect all individuals of the lineage simultaneously and equiva-
lently; this could even lead to the disappearance of the whole
lineage [5,23,24,35]. However, we do not find the logic of this
argument compelling. First, even if within generations cellular
damage tends to increase, damage may decrease between gen-
erations when damage is distributed equally (or even slightly
unequally) between mother and daughter cells. Indeed, even
with equal partitioning of damage, cell division may be seen
as ‘rejuvenating’ for the maternal cell since she will have less
cellular damage after division than before. Thus, the amount
of damage may reach an equilibrium where it no longer
increases from one generation to the next (e.g. as in figure 2c,
d), making lineage extinction far from certain. Second, while
it is true that with perfect symmetry one cannot differentiate
between the biological age of the parent and that of the off-
spring, this does not imply that parent and offspring do not
age: they might simply age at the same rate but they might
undergo senescence nonetheless. In such a scenario, different
parent-offspring lineages might age at different rates, for
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Figure 1. Evolution of senescence in the absence of parent—offspring asymmetry. (a) Evolutionary dynamics of cell type-specific allocation traits during the first
1000 cycles. Note that no differentiation between cell types evolves (which makes the dashed lines for cell type 2 hard to distinguish from the solid ones for type 1,
owing to their overlap), that repair evolves to zero, and that reproduction and foraging evolve to approximately 0.75 and 0.25, respectively. (b) The final age
distribution among individuals. (c) The final damage distribution among cells. (d) Final frequencies of deleterious alleles with damage-specific effects. The 16
intervals are evenly spaced between 0 and 6. Note that deleterious mutations tend to reach higher frequencies when expressed at higher damage levels. (e)
Accumulation of damage with age (median and 80% intervals). (f) Mortality due to deleterious alleles increases with age, indicative of senescence. The
curve was fitted with a generalized additive model and the shaded area represents the corresponding 95% confidence band.

example, when they accumulate and/or repair damage at
different rates. Interestingly, even though Partridge & Barton
[23, p. 310] argue that parent—offspring asymmetry is the cen-
tral criterion for the evolution of ageing, they also make a
hypothetical case in favour of the compatibility of symmetry
and ageing: ‘Consider a multicellular organism in which ran-
domly chosen cells dedifferentiate and divide to produce
germ cells until the organism has completely turned into
gametes, and where there is therefore no distinction between
soma and germ line. Will this creature, as an individual, age?
As gamete-production proceeds, it will have a non-zero prob-
ability of death or of becoming unable to produce gametes. The
intensity of selection on survival and rate of gamete-pro-
duction will therefore decline with age and ageing will
evolve'. In this scenario, there is no separation (i.e. asymmetry,
division of labour) between germ-line and soma, yet ageing
cansstill evolve. Similarly, and as supported by our simulations,
even if perfect parent-offspring symmetry were to exist (e.g. in
some hypothetical unicellular organism), the individual cells
and the cell lineages created at cell division could still undergo
ageing. We therefore suggest that parent-offspring asymmetry
(or, more generally, division of labour) might not be a necess-
ary condition for the evolution of ageing. If, however,
asymmetry or division of labour does evolve, the constituent
‘parts’ of the system (e.g. the cellular lineages produced by bac-
teria at cell division, the different cell types of a multicellular
organism or the different castes in a eusocial insect colony)

are expected to age at different rates (or at the same rate but
with different intercept).

From this perspective, and as argued by Hamilton [4],
the evolution of senescence might therefore be inevitable,
and all organisms (and/or their constituent ‘parts’) might
be expected to age but they might do so at different
rates and/or with different intercepts in terms of their age-
dependent mortality trajectories. Cases of slow ageing
might be explained by the notion that the force of selection
against higher mortality in a given age class is proportional
to the product of two factors: the relative frequency of the
age class and the reproductive value (i.e. fitness) of the mem-
bers of that age class. The rarity of an age class can thus be
offset by its reproductive value, and so slow ageing or even
the opposite of ageing (i.e. an age-progressive increase of
fitness) might occur (see e.g. [58]).

(b) Asymmetric resource partitioning favours germ-
line—soma separation

In the example shown in figure 1, there is clearly no evol-
utionary divergence between the two cell types; both types
make the same proportional allocation of their resources
to foraging, damage repair and reproduction during the
entire evolutionary trajectory. It turns out, however, that
specialization (division of labour) can evolve quite easily
in our model. Instead of presenting a full analysis of our
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Figure 2. Evolution of division of labour or germ-line—soma separation in the absence of parent—offspring asymmetry. As compared with figure 1, damage now has
a direct effect on mortality. (a) Evolutionary dynamics of mean cell type-specific allocation traits during 10 000 cycles. Individuals always die when at least one of
their two cells dies (r = 1). Note that cell type 1 specializes in reproduction (allocation evolves to approximately 0.5), while cell type 2 eventually does not reproduce
at all, but allocates more to foraging and repair than cell type 1. (b) The same as (a) but individuals always survive when one of their cells dies (r = 0). Now cell
type 2 evolves towards 100% foraging, while allocating nothing to repair and reproduction. (¢,d) Evolutionary partitioning of resources and damage (multiplied by
10) between cell types. Parameters for (¢) are identical to those in (a), and parameters for (d) are identical to those in (b). Note that cell type 1, which monopolizes

reproduction, ends up with more resources and less damage than cell type 2.

model (which is beyond the scope of this paper), we present
some proofs of principle and offer some tentative conjectures.

Figure 2 shows two examples of the evolution of specializ-
ation or germ-line-soma separation. In both cases (2 and ¢
versus b and d), cell type 1 eventually comes to completely
monopolize reproduction while cell type 2 invests more in
foraging. The main difference from figure 1 in terms of par-
ameter values is that for figure 2 we allowed a direct,
strongly deleterious effect of cellular damage upon cellular
survival (by decreasing the value of parameter D from 1000
to 1.0; table 1). The most extreme case of divergence can be
seen in figure 2b, where we assumed that a bicellular individ-
ual can be regenerated after one of its two cells has died. Here
one cell type allocates 100% of the resources to foraging. Since
this type repairs no damage, it will accumulate more damage
(figure 2d) and die at a higher rate than its reproductive
partner (i.e. the ‘germ-line’), but since it will then become
replaced by a new daughter cell of its partner, it functions
literally as the ‘disposable soma’ [30-32]. Thus, not only do
we observe functional specialization of cells but we also
observe that the cells age at different rates, even if their fates
are intimately linked (in figure 2a,c the death of one of the
two cells always implies the death of the other, i.e. r=1).
Although we have phrased our model in terms of two cells
composing the same body, we might also have phrased it in
terms of two ‘castes’ of a social species. It is well known that
in social insects, which are characterized by division of
labour between castes, rates of ageing can differ dramatically
between castes [68-72].

What is it that makes germ-line-soma separation evolve
quite readily in our model? We did not have to search long
and hard to find ‘suitable’ parameter combinations—on the
contrary. We also did not choose functions (equations

(4.1)-(4.4)) that bias the results in favour of functional special-
ization of cells. Indeed, all our assumed functions are concave
or decelerating, meaning that fitness benefits show diminish-
ing returns with respect to the causal predictor variables
(allocation and damage). It is well known that convex or
accelerating functions tend to favour specialization [49];
hence, if anything, our choice of functions biased the results
against specialization. Instead, we conjecture that the crucial
factor for the evolution of specialization in our model is the
assumed ability of the two cells to divide resources unequally
among themselves, which can be regarded as a form of altru-
ism by cells that ‘accept’ a smaller share. In our examples
(figure 2c,d), it is always the non-reproducing cell (the
‘soma’) that ends up conceding a larger share of the resources
to the reproducing cell (the ‘germ-line’). The logic is that if
two cells have different amounts of resources available,
even if the two cells must obey the exact same set of trade-
offs (as defined by equations (4.1)-(4.4)), they will almost cer-
tainly have different fitness-maximizing allocation strategies,
which paves the way for selection to favour the division of
labour. To test this line of reasoning, we re-ran our simu-
lations without giving cells the ability to evolve unequal
partitioning of resources, and indeed specialization no
longer evolved in this case (results not shown). In addition
to this role of resource partitioning, we also found in simu-
lation experiments that higher extrinsic mortality (i.e. lower
D values) tends to favour specialization (figure 1 versus
figure 2). We hypothesize that the resulting weaker relation
between damage and mortality (equation (4.4)) makes overall
fitness less sensitive to variation in resource availability
between the two cells, making it harder for selection to
‘see’ differences in allocation strategies between cells. Given
the potentially important role for altruistic behaviour that
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Figure 3. Evolution of cellular specialization when partitioning of damage (black lines) can evolve; otherwise, model parameters are exactly the same as in figure 2.
In @ and ¢ (where r = 1), one cell type again comes to monopolize reproduction (g, orange lines), while the other invests more into foraging (a, green lines) and
concedes more resources to the reproductive cell (¢, blue lines). The reproductive cells confine all damage to themselves, producing damage-free (fully ‘rejuvenated’)
daughter cells. The cells appear to age at the same rates as they accumulate the same amount of damage (c, orange lines). In (b) and (d) (r = 0), reproductive
monopolization does not evolve, but one cell type confines all cellular damage to itself when reproducing, while the other passes on a little over half the damage.

we see as driving the evolution of division of labour, it might
be interesting to develop a version of our model where the
two cooperating cells are somewhat less closely related.
A standard kin selection argument predicts that a division
of labour would evolve less readily in that case.

Which of the cell types becomes the ‘germ-line’ seems to
be random in our model (out of 10 runs, each type became
the germ-line five times). Interestingly, it is easy to break
this symmetry by allowing for an asymmetry in mutation
rates between cell types. If during development, the daughter
cell (type 2) of the initial unicellular individual (type 1)
undergoes an extra round of mutation, then the germ-line
invariably evolves in cell type 1, thus having a slightly smal-
ler mutational load. This is reminiscent of the observations by
Aanen [53], who noted that, under certain conditions, the
mother cells tend to keep the ‘original’ template DNA,
while the daughter cells are more likely to receive the slightly
more damaged copy of the template.

We took this asymmetric inheritance of damage a step
further, following the model of Ackermann et al. [24], by study-
ing a version of our model where the partitioning of damage is
an evolvable trait (figure 3), with equal partitioning being the
ancestral state. So far, we have assumed that cellular damage is
split equally between mother and daughter cells during cell
division; indeed, all else being equal, this is probably the ther-
modynamically favoured outcome which maximizes cellular
entropy. Our extended model is more general than the one
by Ackermann ef al. [24] in that we also allow damage parti-
tioning to differ between cell types. Not surprisingly, this
additional degree of freedom enriches the range of possible
model outcomes. Typically, we observed that one cell type
confines all damage to itself while producing damage-free
daughter cells, while the other cell type passes on roughly
half of the damage to its offspring. However, while in previous
simulations we tended to observe either no specialization

(figure 1) or the evolution of reproductive monopolization
by one cell type (figure 2), we now observed both reproductive
monopolization (figure 3a,c) and cases where both cell types
reproduce at similar rates but nevertheless have very different
damage retention rates (figure 3b,4).

6. Conclusion

The key findings from our simulation model, i.e. our tentative
conjectures, can be briefly summarized as follows:

(1) Parent-offspring asymmetry (or, more generally, division
of labour) is not a necessary condition for the evolutionary
origin of ageing, contrary to previous claims. For example,
even if the damage is partitioned equally between a
mother and a daughter cell, both cells can still undergo
senescence.

If asymmetry (or division of labour) evolves, the different
‘constituent parts” of an organismal ‘system’ can exhibit

)

different rates of ageing, with one part (e.g. the germ-
line) ageing more slowly than the other part (e.g. the
soma), in line with ‘trade-off’ theories for the evolution
of ageing, e.g. Williams’ ‘antagonistic pleiotropy’ theory
and/or Kirkwood’s ‘disposable soma’ theory.
(3) Asymmetric resource partitioning among ‘parts’ strongly
promotes the evolution of germ-line-soma separation in
our model. This sort of division of labour presumably
requires altruistic cooperation among the ‘parts’, which
might be facilitated by a high degree of genetic relatedness
among them.
Selection might favour cell type-specific partitioning of
damage between cell types, with one cell type specializ-
ing in reproduction and retaining the bulk of the damage,
thus producing ‘rejuvenated’, damage-free daughter

@
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cells, while the non-reproducing cell type distributes
damage more or less equally.

(5) Thus, although the evolutionary origin of ageing seems
to require no particular asymmetry other than an age-
dependent asymmetry in the force of selection (high
early in life, low late in life) operating in populations
with asymmetric (i.e. non-uniform) age-dependent distri-
butions of ‘biomarkers’ of senescence, small initial
asymmetries in resource availability and trade-offs
between the ‘parts’ of an organismal ‘system’ may trigger
the evolution of large asymmetries in the form of division
of labour, germ-line-soma separation and variable rates
of ageing between the system’s parts.

This article has no additional data.
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