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In all multicellular species, progressive deterioration of cellular features eventually
gives rise to organismal breakdown, essentially guaranteeing mortality beyond a
particular maximum lifespan. Although some forms of environmental modification,
such as restricted feeding, can prolong longevity, in no case is a multicellular soma
known to be immortal. Finite lifespan might be a necessary outcome of cell lin-
eages that terminally differentiate and therefore have no capacity for producing
rejuvenated progeny cells. However, senescence does not appear to be unique to
multicellular organisms. Here, we focus on mortality features intrinsic to individual
cells in unicellular species (i.e., independent of external factors such as predators
and pathogens), exploring the degree to which individual cell lineages are subject
to senescence (i.e., increased mortality rates with increasing age).

It can be difficult to contemplate the issue of senescence in unicellular species,
as the concept normally applies to specific adult individuals. In the case of an
asymmetrically reproducing cell, as in the budding yeast S. cerevisiae, it is natural
to call the smaller product the daughter cell, although it need not always follow
that the smallest member of a pair is the more rejuvenated of the two (in the case
of S. cerevisiae, it is). Things become more ambiguous when reproduction involves
symmetrical fission, but even cells that appear superficially to divide symmetrically
may experience internal asymmetrical transmission of damage. One might then view
the least damaged of the two cells following a division as the offspring, although
quantifying such differences between two daughter cells is difficult. An alternative
strategy is to base the age of a cell on some key inherited component, such as a
specific pole of a parental cell.

When viewed in this way, quite possibly all cells eventually succumb to senes-
cent decline, even if nothing more than a consequence of a series of unfortunate
stochastic events. Because no cell division can be perfectly symmetric, this means
that senescence is an inherent feature of life, present since the beginning of biology.
There is nothing intrinsically beneficial about death, but as will be discussed below,
the selective advantage of prolonging the life of individual cell lineages beyond ex-
tended periods of time may be negligible, in effect stalled by a drift barrier. What
remains less unclear is the degree to which senescence proceeds more rapidly in some
unicellular species than in others.

Physiological Load
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In simplest terms, senescence is the gradual deterioration of the self-sustaining fea-
tures of cells. The relevant determinants include: the preservation of membrane,
messenger RNA, and protein integrity; clearance of cytotoxic features such as harm-
ful metabolites and protein aggregates; and maintenance of large cellular complexes
such as ribosomes and nuclear pore complexes. All biomolecules are subject to
harmful chemical and physical modifications. For example, proteins can accumulate
damage in a number of ways, such as deamidation of Asn to Asp and Gln to Glu,
both of which lead to a negatively charged amino acid with possible effects on three-
dimensional protein structure. The fundamental question is how the accumulation
of damage over the life of a cell lineage proceeds at a manageable rate for maintain-
ing a viable population, as opposed to overwhelming the capacity for repair, leading
to population demise.

The two potential routes to avoid extinction by senescence at the population
level are: 1) to have the rate of damage accrual in an average cellular lifetime be less
than or equal to the rate at which such damage is diluted by cell division; and/or 2)
to have daughter cells experience asymmetric inheritance of parental-cell damage,
such that one of the two products of cell division acquires more damage than its
own level at birth, while the other is rejuvenated (Figure 11.1).

Error catastrophe. Under the assumption that deteriorated proteins and macro-
molecular complexes accumulate during cell lifetimes, Medvedev (1962) and Orgel
(1963) proposed an error-catastrophe hypothesis for aging, arguing that progressive
decline in the accuracy of the transcription and translation machinery would lead to
still further accumulation of erroneous proteins. The argument here is that because
transcription and translation processes involve multiple proteins (Chapter 20), as
these incur errors, the error-rate itself would be expected to increase, leading to a
downward spiral of cell fitness. Some contribution to error catastrophe might re-
sult from genomic mutations (below), but the mechanisms envisioned here primarily
concern phenotypic errors.

The vast majority of research on this matter has focused on the cells of multicel-
lular species. Abnormal proteins are known to accumulate in the cells of old organ-
isms (Holliday and Tarrant 1972; Rothstein 1975), although it is unclear whether
this is a consequence of declining accuracy of transcription and/or translation. Ri-
bosomes in rodents do not appear to decline in terms of translational accuracy with
age, although the activity of ribosomes does decline (Mori et al. 1979; Butzow et al.
1981; Filion and Laughrea 1985). There is some suggestion that transcript errors
accumulate in old §. cerevisiae cells, although these results were obtained in cell
lines with error-prone RNA polymerase, and it also remains unclear whether the
error rate of transcription itself increased (as expected under the error-catastrophe
hypothesis) or whether older transcripts simply accumulate more damage while cir-
culating within cells (Vermulst et al. 2015).

Other results yield a mixed perspective on the error-catastrophe hypothesis.
For example, by applying the drug streptomycin, Edelmann and Gallant (1977)
elevated the rate of translation error 50x in E. coli, and found that although the
misincorporation of amino acids into proteins increased substantially, cellular error
levels reached a steady state, with growth potential reaching a plateau rather than
exhibiting a downward spiral. Another E. coli strain engineered to be defective in
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translation (by removing the editing capacity of a tRNA synthetase, which loads
amino acids onto cognate tRNAs; Chapter 20) experienced an increase in the mu-
tation rate, apparently as a consequence of the activation of an error-prone DNA
repair pathway (Bacher and Schimmel 2007). Likewise, Krisko and Radman (2013)
found that progressive oxidative damage in this species magnifies the genomic mu-
tation rate. These latter two studies demonstrate that physiological damage may
sometimes generate genomic damage in a positive feedback.

Orgel (1970) eventually realized that error catastrophe is not inevitable. As
noted above, the key issue is whether the error rate grows sufficiently rapidly with
the accumulation of damage to outpace the rate of removal. Let D(¢) be the amount
of cellular damage at time ¢. If X\ is the baseline rate of production of new cellular
damage (assumed to be constant), and § is the fractional rate of removal of prior
damage, the expected amount of damage in the next time unit is A + (1 — §)D(¢¥)
(Foundations 11.1). Negative ¢ indicates that prior damage accelerates the rate of
accumulation of future damage, ensuring error catastrophe. On the other hand, if
0 < 6 <1, a stable equilibrium level of damage equal to \/d is predicted, such that
the input of new damage is exactly balanced by the loss of old damage.

In principle, however, an equilibrium level of damage might still be high enough
that cell death is inevitable. An additional issue is that this simple computation is
performed in a deterministic framework and assumes no variation among cells. As
noted below, variation in damage inheritance is the expectation, and this can lead
to a tail of extreme individuals with low fitness. Under some conditions, this might
lead to a point of no return, i.e., a sort of ratchet effect towards lineage extinction.
However, as noted in Foundations 11.1, among-individual variation can also lead to
population immortality, as cells with exceptionally low damage loads are promoted
at the expense of damage-laden cells.

Cellular vs. population immortality. Because all progeny inherit their initial
cytoplasm from their mothers, asymmetric transmission of damage provides a pow-
erful mechanism for avoiding population senescence — although maternal cells might
progressively accumulate damage that reduces cell-division potential, at least one of
their daughters might be rejuvenated (Ackermann et al. 2007; Erjavec et al. 2008;
Chao 2010). Under this view, the gradual senescence that accrues in some cell lin-
eages can be offset by rejuvenation in others (Figure 11.2; Foundations 11.1), such
that lineage senescence need not lead to population demise. This is no different
than a population of a multicellular species remaining viable despite the senescence
of old individuals.

The stalked bacterium Caulobacter crescentus, whose swimming progeny even-
tually settle down themselves, provides a clear example of this kind of asymmetric
effect. Cell division is asymmetrical in this taxon, with the maternal (sedentary,
stalked) cells experiencing a progressive loss of cell-division potential, and near-
complete loss of reproductive capacity after producing ~ 200 progeny (Ackermann
et al. 2003, 2007). However, the species lives on as the physiological decline of
parental cells is offset by improved states in progeny.

In contrast, something close to an equilibrium growth rate is demonstrable with
E. coli cell lineages grown in a contraption within which mother cells are trapped
and consecutive progeny are released. In this so-called “mother machine,” maternal
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cells retain one pole dating back to the onset of the experiment, with the opposite
pole being created anew at each cell division. When treated in this way, the growth
rates of individual maternal cells remain constant for up to 150 divisions, although
there does appear to be an increase in the probability of mortality per division after
~ 100 generations (Wang et al. 2010). As discussed further below, other observations
on the growth of single F. coli cells reveals that the cell-division times of descendant
lineages eventually converge on equilibrium values (Chao 2010; Rang et al. 2011).

Molecular and Cellular Determinants

The previous section highlighted the basic determinants of whether some or all
cells within a population will experience senescence associated with physiological
decline, and also how populations can remain effectively immortal when individual
cell lineages do not. Here, we more explicitly consider the physical aspects of damage
inheritance observed in various unicellular organisms. As noted above, asymmetric
inheritance provides a simple mechanism by which some sublineages of cells become
rejuvenated (albeit at the expense of aging in others).

In E. coli, protein aggregates that accumulate with age, and are presumably
harmful to cell health, are progressively moved to cell poles in an entirely passive
manner (Lindner et al. 2008; Winkler et al. 2010). To see how this process can lead
to lineage-specific senescence, consider an aggregate incapable of movement. If such
a cellular inclusion develops at the pole of a cell, it will remain at that location in
all descendants inheriting the pole (Figure 11.3). Likewise, if it appears near the
midpoint of a symmetrically dividing cell, then it will also succumb to a permanent
pole location in all future descendants. Finally, if the aggregate is near the 1/4 or
3/4 point in a rod-shaped cell, upon division at the midpoint, it will be present at
the midpoint of one of the daughter cells, and hence will sequestered at the pole of
one of the granddaughters. A similar mechanism appears to result in the differential
sequestration of outer membrane proteins to the older poles of cells (Bergmiller et
al. 2017).

In contrast to the situation in bacteria, which generally lack significant inter-
nal structure, aggregates in eukaryotic cells can be actively transported along the
cytoskeleton to destinations associated with protein-management activities, includ-
ing aggregation disassembly and protein refolding by chaperones (Kawaguchi et al.
2003; Kaganovich et al. 2008; Malmgren Hill and Nystrom 2016). Despite such ac-
tivities, however, the few eukaryotic species to be evaluated still exhibit patterns of
senescence of individual lineages.

One of the more dramatic examples involves the budding yeast, S. cerevisiae,
which has asymmetric cell division, with the daughter (the bud) being substantially
reduced in size relative to the mother. The evidence supports the long-term seques-
tration of damage within maternal S. cerevisiae cells (Aguilaniu et al. 2003). Aging
cells progressively experience higher mortality rates and higher degrees of sterility
(inability to mate) (Kaeberlein 2010; Schlissel et al. 2017) (Figure 11.4). Although
one of the most well-established methods for individual lifespan extension in ani-
mals is caloric restriction (imposition of a nutrient-sufficient diet low in calories)
(Fontana et al. 2010), such treatment has essentially no effect on lifespan in S. cere-



CELLULAR SENESCENCE 5

visiae, which produce an average of 25 to 30 offspring per maternal cell regardless
of conditions (Huberts et al. 2014).

Numerous mechanisms for aging have been suggested for yeast, including the ac-
cumulation of extrachromosomal circular DNAs, malfunctioning mitochondria, and
damaged proteins (Macara and Mili 2008; Kaeberlein 2010; Denoth-Lippuner et al.
2014; Kaya et al. 2021). Older cells also progressively experience a genome-wide
loss of nucleosomes, elevated rates of chromosomal breaks, and increases in translo-
cations, insertions of mitochondrial DNA, and transposition of mobile elements (Hu
et al. 2014). About 74 proteins are mother-enriched and 60 daughter-enriched, the
former being biased toward those localized to plasma membranes and vacuoles, and
the latter toward those involved in bud construction and genome maintenance (Yang
et al. 2015). Such asymmetric inheritance must be due to active transport and/or
exclusion mechanisms, which include a diffusion barrier at the bud neck preventing
the passage of large complexes (Shcheprova et al. 2008). Individual molecules of
~ 135 proteins are retained within maternal S. cerevisiae cells for up to 28 genera-
tions, consistent with the potential for long-term accumulation of protein damage
(Thayer et al. 2014).

In contrast to S. cerevisiae, the fission yeast S. pombe has morphologically sym-
metrical division. Yet, there is still some asymmetric inheritance of damage, with
“maternal” cells (those retaining bud scars) inheriting more damaged proteins (Er-
javec et al. 2008). Despite this partitioning, senescence appears to occur primarily
under stressful conditions, with only cells accumulating large aggregates suffering
higher mortality rates (Coelho et al. 2013). Under well-nourished conditions, aging
appears not to occur (Spivey et al. 2017) (Figure 11.4). Whether such behavior
reflects the predicted behavior of the model outlined in Foundations 11.1, wherein
both sublineages of daughter cells evolve to a finite cell-division time and hence
immortality, remains unclear.

Finally, an issue of special interest with respect to senescence in eukaryotes is the
biogenesis of complex macromolecular structures and organelles during cell division.
Are pre-existing assemblies retained intact across cell divisions, with entirely new
complexes being assembled from newly synthesized subcomponents as daughter cells
grow? Or are such features frequently disassembled and reconstructed from mixtures
of old and newly synthesized components?

For many organelles (endoplasmic reticulum, mitochondria, vacuoles, and per-
oxisomes) in yeast, preexisting structures and their protein constituents are symmet-
rically inherited, with new membrane complexes (consist of mixtures of components
of similar ages) being incorporated with organelle growth. For example, old nuclear-
pore complexes (consisting of dozens of proteins) are inherited as a unit in yeast
and remain separate from those constructed from newly synthesized components
(Shcheprova et al. 2008; Menendez-Benito et al. 2013). In post-mitotic rat brain
cells, proteins in large complexes appear to remain in place for extended periods of
time, with ~ 25% of proteins associated with nuclear pores remaining intact after an
entire year (Toyama et al. 2013). In C. elegans, age-related deterioration of nuclear
pore complexes leads to increasingly leaky nuclei enabling the entry of increased
numbers of inappropriate cytoplasmic proteins (D’Angelo et al. 2009).

Evolution of Senescence
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The preceding discussion establishes the fact that unicellular species do experience
senescence, with sublineages stochastically incurring enough consecutive generations
of excess damage accumulation eventually succumbing to a physiological load. Un-
clear, however, is the extent to which the rate of senescent decline is molded by the
forces of natural selection, as opposed to being a simple passive response to selection
on other cellular features.

Evolutionary theories of senescence have been developed primarily from the
standpoint of multicellular organisms, focusing on the separation of the largely qui-
escent germline and the soma, which represents the manifestation of nearly all gene
expression. As the latter is disposed after each sexual generation, its accumulated
damage is expendable, whereas the expectation is that the germline will be effec-
tively immortal.

Starting from this premise, the evolution of senescence is thought to be molded
by two mechanisms (Charlesworth 2000). First, the pleiotropy hypothesis embraces
the idea of tradeoffs between alternative fitness traits, e.g., selection for energetic
investment in early reproduction subtracting from what can be invested in survival
(Williams 1957). A second hypothesis focuses on the diminishing fitness payoffs
of progeny produced late in life (Medawar 1952; Hamilton 1966). Like compound
interest applied to a bank account, the payoffs of which grow exponentially, progeny
successfully produced at a young age enter the gene pool earlier and contribute to
elevated rates of expansion of the genes contributing to such a life-history strategy.
In the extreme situation in which individuals late in life produce no offspring at all,
there can be no selection on survival-enhancing traits expressed only beyond that
point (except in the case of cross-generational care, as in social animals). In this
case, deleterious late-acting mutations will tend to accumulate by a combination of
mutation pressure and random genetic drift.

These two hypotheses are not mutually exclusive, as there is no reason that
both mechanisms cannot be operating simultaneously. Moreover, as the number of
genes influencing survival and reproductive rates must constitute nearly the entire
genome, it is likely that the genetic mechanisms of senescence will be diverse among
phylogenetic lineages, owing to the stochastic nature of the mutation process and
the targets hit.

Because comparative studies of senescence in unicellular species are nearly
nonexistent, the extent to which either of these hypotheses is relevant to microbes re-
mains unclear, although they are, in principle, testable. For example, the antagonistic-Jj
pleiotropy hypothesis predicts that species with higher cell-division rates would ex-
hibit more rapid rates of demise in sublineages of cells that progressively inherit
the most damage from their parental cells. The mutation-accumulation hypothesis
predicts that alleles with deleterious effects on fitness will be enriched in classes
of genes whose expression is confined to old mother cells. In this case, selection
for more rapidly dividing cells or life in an environment nonconducive to old age
should ultimately lead to the accumulation of deleterious mutations in late-acting
genes being expressed at chronologically earlier ages. Whether genes with the pos-
tulated age-specific expression properties actually ever exist in unicellular species is
an open question, but data from animal species support this argument (Rodriguez
et al. 2017; Cui et al. 2019; Cheng and Kirkpatrick 2021), and there is clear evidence
of genetic variation for lifespan in yeast (Kaya et al. 2021).
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Mutational Meltdown

One of the more dramatic observations from experimental gerontology is that iso-
lated lineages of vertebrate cells generally have finite lifespans, regardless of the
population size of cells. After a series of cell divisions of apparently unimpaired
growth, culture loss often becomes certain. Fibroblast cell lines from long-lived ver-
tebrates are capable of more divisions than those from short-lived species, and cells
taken from older individuals have diminished numbers of remaining cell divisions
(Martin et al. 1970; Hayflick 1977). As these results arise in cultures containing
large numbers of cells, they suggest some kind of near-deterministic mechanism
of sudden breakdown in cellular integrity, e.g., programmed cell death. However,
observations of single-cell lineages suggest that this is not the case — the loss of
cell-division potential is not abrupt but continuous throughout the lifespan of the
extended lineage (Raes and Remacle 1983; Smith and Pereira-Smith 1977; Karatza
and Shall 1984; Angello and Prothero 1985) (Figure 11.5).

Although the relevance of cells having an “out-of-body” experience to natural
populations of unicellular species is unclear, there are also cases of cultures of uni-
cellular species having finite numbers of cell divisions. Most notable is the situation
in ciliates, many of which have characteristic culture lifespans. A substantial body
of literature focused on these kinds of observations early in the 20th century has
been extensively reviewed (Nanney 1974; Smith-Sonneborn 1981; Bell 1988). For a
number of species, extinction occurs in a predictable number of cell divisions (usu-
ally in the range of 150-1,500 cell divisions, depending on the isolate, and with low
intrastrain variance). Moreover, this can be true both for lineages maintained by
single-cell descent and in moderately large cultures. The results do not appear to be
a consequence of deterioration of the lab environment, and nuclear transplantation
experiments indicate that clonal decline is caused by nuclear rather than cytoplas-
mic factors (Aufderheide 1984, 1987). As in the case of fibroblast cultures, close
observations of the fitness features of individual Paramecium cells are inconsistent
with a threshold reduction in cell-division potential (Figure 11.5). Rather, there
is a steady decline in cell reproductive capacity with time (~ 0.1% per generation)
(Smith-Sonneborn 1979; Takagi and Yoshida 1980; Lynch and Gabriel 1990).

Whereas the exact mechanisms underlying such behavior are not clear, the
observed patterns are consistent with some sort of cumulative genomic deterioration.
As first pointed out by Muller (1964), obligately asexual lineages are subject to a
ratchet-like mechanism of mutation accumulation. With a high rate of genome-
wide input of deleterious mutation (Chapter 4), populations of clonally reproducing
cells are expected to contain a distribution of fitness classes defined by recurrent
mutation pressure and selection against highly loaded individuals. This distribution
is expected to be unimodal (and under many genetic models, close to Poisson in
form; Chapter 23), with only a small fraction of the population contained within
the best fitness class. The smaller the population size, the smaller the number
of individuals in the best class, and each generation, the possibility exists that
individuals in this class either produce no progeny at all or only progeny acquiring a
new deleterious mutation. Either way, the best class will have been irreversibly lost,
as in the absence of sexual reproduction, there is no way to recover the prior fitness
class except in the extremely rare case of a precise back-mutation. Once the best
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class is lost, the prior second-best class advances to be the best in the population,
but it too will eventually suffer the same fate, and so on.

The natural culmination of Muller’s ratchet is extinction by a process known
as the mutational meltdown (Lynch and Gabriel 1990; Lynch et al. 1993; Gabriel
et al. 1994). Initially, a population will typically have excess reproductive capacity,
but as mean individual fitness declines, a point will eventually be reached at which
each individual is just able to replace itself on a per-generation basis. At that point,
any further increase in the mutation load will lead to a reduction in population
size, but with fewer individuals, natural selection is less efficient (Chapter 8). This
then increases the rate at which the fitness ratchet clicks, continuously driving the
population to a still smaller size, in a downward spiral that leads to extinction via
deleterious-mutation accumulation.

As this process can operate in populations containing many thousands of asex-
ual individuals, yielding fairly deterministic extinction times despite the stochastic
accumulation of mutations, it may provide an explanation for the above-noted re-
sults. The situation for ciliates likely relates to their unique binuclear form of genetic
organization, involving a germline micronucleus and a somatic macronucleus. The
micronucleus replicates by mitosis during clonal propagation, but is transcriptionally
inactive. It undergoes meiosis during sexual reproduction, and following daughter-
cell formation divides by mitosis, one product remaining as the germline and another
becoming the macronucleus. During macronuclear maturation, its chromosomes un-
dergo many rounds of replication until all are duplicated to very high ploidy levels
(typically, several hundreds), and it is from this genome that all gene expression
occurs. Although the mechanism of macronuclear division is poorly understood, it
is more along the lines of random fragmentation than symmetric mitosis.

Given this genetic system, loss of viability in a ciliate population during clonal
propagation must be a consequence of deleterious changes in the macronuclear
genome. However, such deterioration is unlikely to involve genomic mutations. In
ciliates, point mutations involving single base-pair substitutions arise at a rate of
~ 107! /nucleotide site/cell division in the micronucleus (Sung et al. 2012; Long et
al. 2016), the lowest known rate of any organism. Assuming the error rate is the
same in the macronucleus, then because the macronuclear genome size is ~ 10® bp,
only one mutation is expected to arise per haploid genome every 1000 cell divisions.
Because there can be ~ 1000 copies of each chromosome in the macronucleus, the
total mutation load would be ~ 1000x higher than this, but each mutation would be
complemented by the ~ 1000 unmutated copies, raising significant questions as to
whether conventional mutation accumulation is responsible for loss of reproductive
capacity on a time scale of hundreds of cell divisions.

The more likely path to cellular senescence in ciliates involves the amitotic
(fission-like) nature of macronuclear propagation, which can lead to random drift
in chromosome copy numbers, stoichiometric imbalance, and eventual loss of en-
tire chromosomes. Assuming simple random sampling of chromosomes following
macronuclear genome duplication, Kimura (1957) produced a stochastic model of
chromosome loss that yields extinction dynamics that are reasonably consistent with
the existing data.

Less clear is whether mutation can account for the behavior of vertebrate fi-
broblast cultures. Although the mutation rate of such cells may be as high as 10~
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per bp per cell division (Lynch 2010) and the haploid genome size is of order 10° bp,
at most 10% of the vertebrate genome is under significant selection, so it is likely
that < 1 functionally relevant mutation (and maybe considerably less) arises per cell
division. More significantly, immortalized mammalian cell lines are readily obtained
from cancer cells with substantial genomic rearrangements, raising questions about
the adequacy of mutation accumulation as an extinction mechanism.

Summary

e The molecular constituents of cells naturally deteriorate over time, raising the pos-
sibility of cellular senescence analogous to aging in multicellular species. However,
the asymmetric inheritance of damage by daughter cells, whether programmed
or simply stochastic, can lead to the rejuvenation of one member of the pair at
the expense of the other. This then ensures indefinite population survival, as in
multicellular species that discard the senescing somas of aging individuals.

e Two hypotheses have been suggested for the evolution of senescence: 1) a trade-
off associated with pleiotropic effects, whereby investment in early reproduction
imposes costs on future survival; and 2) diminishing payoffs resulting from the
compound-interest effect of early contributions to the gene pool enhancing fitness
more than progeny produced later in life. Both hypotheses were constructed with
multicellular species in mind, and the extent to which they apply to unicellular
species remains unexplored.

e Numerous examples exist in which single-cell lineages have well-defined finite
life-spans, most notably in ciliates and vertebrate cell cultures. The mechanisms
in these cases likely involve large-scale problems with chromosomal integrity and
imbalance, such as telomere and/or chromosome loss, rather than the accumu-
lation of point mutations. In such cases, rejuvenation can be accomplished by
sexual outcrossing and/or inactivation of genes involved in telomere erosion.
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Foundations 11.1. The physiological damage load in a cell lineage. Over
time, whether stationary or in a period of active growth, a cell can be expected to ac-
quire some reduction in physiological capacities owing to the accumulation of damaged
molecules (here, assumed to accumulate at rate A per unit time). Prior damage might
also be fractionally eliminated at rate d, such that with a starting level of damage at
birth Dy, the amount of damage accumulated over time can be expressed with the
recursion equation

D(t+1) = A+ (1-6)D(1). (11.1.1a)

Note that provided 0 < ¢ < 1, for large ¢, an equilibrium level of damage is asymptot-
ically approached. This is obtained by setting D(t + 1) = D(t),

~ A
D=—. (11.1.1b)
0

A special case was considered by Chao (2010), who assumed 6t < 1, so that
damage simply accumulates linearly with time before cell division, and the above-
noted equilibrium is never reached. Letting Dy denote the damage of a particular cell

at birth, its damage at the time of cell division T is then
D(T) ~ Do + AT. (11.1.2)

Suppose that some critical cell feature has to achieve a critical value P. prior to cell
division (e.g., time to achieve a threshold amount of some key cellular component),
with cellular damage detracting from the rate of accumulation of P, such that

dP

— =1-—D(1). 11.1.3

= 0 (11.1.3)
Equation 11.1.3 equates the rate of product accumulation to 1.0 in the absence of
damage. The solution to Equation 11.1.3, obtained after substituting Equation 11.1.2,
leads to a quadratic equation defining the time to cell division,

P.=P(T) = (1—Do)T — ()\/2)T?. (11.1.4)

Given Dg at birth and P, at division (a fixed parameter), Equation 11.1.4 yields the
cell-division time T as a function of \. With no damage accumulation, A = Dy = 0,
and Equation 11.1.4 leads to the definition P, = T, i.e., P. denotes the time required
to linearly build up to the checkpoint in the absence of any damage accumulation.
The previous expressions assume cells growing deterministically, with each daugh-li

ter cell sharing exactly half the damage in the maternal cell at the time of fission. How-
ever, with asymmetrical cell division, the population will be heterogeneous. Letting
a<1/2and 1 —a > 1/2 be the fractions of damage transmitted to the two offspring
cells (indexed as 1 and 2, with the maternal cell denoted as 0), from Equation 11.1.2
the damage transmitted to the two newborns becomes

Dy = CL(DO + )\To), (11.1.5&)
Dy =(1—a)(Dy+ /\To). (11.1.5b)
Substituting these expressions for D; and D5 for Dy in Equation 11.1.4, and solving

yields the times to cell division for the two daughter cells as a function of the features
of the maternal cell (Do, Tp),

_ 1-D; —+/(1-D;)? —2P.\

T; )
A

(11.1.6)
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where ¢ = 1 or 2.

This overall system of equations allows one to start with a given value of Tj for
a parental cell, and then obtain the cell division times for all subsequent cells (Figure
11.6). The critical issue with respect to senescence is whether T} and/or T5 increase
without limits. If this were true for both daughter-cell types, runaway damage and
aging of the entire population would ensue. In contrast, whereas population survival
in spite of some cell senescence would occur if T, stabilized, i.e., the least loaded
daughters do not experience ever-increasing damage.

Equilibrium requires that the reduction in damage by dilution from the mother
cell be balanced by the buildup of new damage in the daughter. The equilibrium
conditions are obtained by substituting D; = Dy into Eiquzitions 11.1.5a,b, so that
D;(1—a) = a)T;. Letting a = a/(1—a) and writing Ty = Ty, T3, yields the equilibrium
physiological loads,

Dy = Ti Ay, (11.1.7a)
Dy = To)/a. (11.1.7b)

Finally, substituting into Equation 11.1.4 yields the equilibrium solutions,

~ 1—/1-2P\(1+20a)

T = N1+ 20) , (11.1.8a)
~ 1= /1 -2PA[1+ (2/a)]
T, = N+ (2/0) : (11.1.8b)

The conditions for equilibrium are that the terms within the square roots in the
previous equations be nonnegative, which requires

1—2P.)
< T oten 11.1.
=4 (11.1.92)
1-2P,\
< .
o< =] (11.1.9b)

Thus, a key for the immortality of a cell line is that the composite quantity P.A
not be too large. Given the definition of P, noted above, P.\ can be thought of as
the total amount of damage that would be built up in a cell with minimum possible
division time. With symmetric division (a = 1), the criterion for equilibrium reduces
to P.A < 1/6. With asymmetric inheritance and P.\ sufficiently small, both T; and
T5 reach real equilibria, but with increasing levels of damage, at most one of the cell
classes can reach an equilibrium. Eventually, with high enough P\, neither daughter
is capable of sustained reproduction, and senescence of the entire population would
ensue without some intervening rejuvenation mechanism.

Some insight into the level of fitness reduction that results from damage ac-
cumulation can be acquired by noting that for the case of symmetrical division, a
damage-free cell would reproduce at age P., doubling the population size in that in-
terval. In contrast, in the presence of damage accumulation, cell doubling will require
time T7 (as defined by Equation 11.1.8a with w = 1), so that at time P, the population

would have increased by a factor of 2F</T1 Thus, relative to a damage-free cell, the

reproductive rate become (27¢/T1)/2. The fractional reduction in fitness, which can
be viewed as the equilibrium physiological load of damage accumulation, is then

L=1-2P/T)-1 (11.1.10a)
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which for moderate amounts of damage, P,/ ﬁ, simplifies to

_1-(P/Th)
L~ 7\/5 .

The damage load can be viewed as the amount of improvement in cell fitness that
could be achieved by establishing mechanisms that completely eliminate damage, i.e.,
A = 0, although this view ignores any bioenergetic cost of producing and maintaining
damage-control mechanisms.

(11.1.10Db)




CELLULAR SENESCENCE 13

Literature Cited

Ackermann, M., A. Schauerte, S. C. Stearns, and U. Jenal. 2007. Experimental evolution of aging
in a bacterium. BMC Evol. Biol. 7: 126.

Ackermann, M., S. C. Stearns, and U. Jenal. 2003. Senescence in a bacterium with asymmetric
division. Science 300: 1920.

Aguilaniu, H., L. Gustafsson, M. Rigoulet, and T. Nystrom. 2003. Asymmetric inheritance of
oxidatively damaged proteins during cytokinesis. Science 299: 1751-1753.

Angello, J. C., and J. W. Prothero. 1985. Clonal attenuation in chick embryo fibroblasts. Cell
Tissue Kinet. 18: 27-43.

Aufderheide, J. 1984. Clonal aging in Paramecium tetraurelia. 1. Absence of evidence for a cyto-
plasmic factor. Mech. Ageing Dev. 28: 57-66.

Aufderheide, J. 1987. Clonal aging in Paramecium tetraurelia. 1I. Evidence of functional changes

in the macronucleus with age. Mech. Ageing Dev. 37: 265-279.

Bacher, J. M., and P. Schimmel. 2007. An editing-defective aminoacyl-tRNA synthetase is muta-
genic in aging bacteria via the SOS response. Proc. Natl. Acad. Sci. USA 104: 1907-1912.

Bell, G. 1988. Sex and Death in Protozoa: the History of an Obsession. Cambridge Univ. Press,
Cambridge, UK.

Bergmiller, T.,; A. M. C. Andersson, K. Tomasek, E. Balleza, D. J. Kiviet, R. Hauschild, G. Tkaiuik,
and C. C. Guet. 2017. Biased partitioning of the multidrug eflux pump AcrAB-TolC underlies
long-lived phenotypic heterogeneity. Science 356: 311-315.

Butzow, J. J., M. G. McCool, and G. L. Eichhorn. 1981. Does the capacity of ribosomes to control
translation fidelity change with age? Mech. Ageing Dev. 15: 203-216.

Chao, L. 2010. A model for damage load and its implications for the evolution of bacterial aging.
PLoS Genet. 6: €1001076.

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

Cheng, C., and M. Kirkpatrick. 2021. Molecular evolution and the decline of purifying selection
with age. Nat. Commun. 12: 2657.

Cui, R., T. Medeiros, D. Willemsen, L. N. M. Iasi, G. E. Collier, M. Graef, M. Reichard, and D.
R. Valenzano. 2019. Relaxed selection limits lifespan by increasing mutation load. Cell 178:
385-399.

Coelho, M., A. Dereli, A. Haese, S. Kiihn, L. Malinovska, M. E. DeSantis, J. Shorter, S. Alberti, T.
Gross, and I. M. Tolié-Ngrrelykke. 2013. Fission yeast does not age under favorable conditions,
but does so after stress. Curr. Biol. 23: 1844-1852.

D’Angelo, M. A., M. Raices, S. H. Panowski, and M. W. Hetzer. 2009. Age-dependent deterioration
of nuclear pore complexes causes a loss of nuclear integrity in postmitotic cells. Cell 136: 284-
295.

Denoth Lippuner, A., T. Julou, and Y. Barral. 2014. Budding yeast as a model organism to study
the effects of age. FEMS Microbiol. Rev. 38: 300-325.

Edelmann, P., and J. Gallant. 1977. On the translational error theory of aging. Proc. Natl. Acad.



14 CHAPTER 11

Sci. USA 74: 3396-3398.

Erjavec, N., M. Cvijovic, E. Klipp, and T. Nystrom. 2008. Selective benefits of damage partitioning
in unicellular systems and its effects on aging. Proc. Natl. Acad. Sci. USA 105: 18764-18769.

Filion, A. M., and M. Laughrea. 1885. Translation fidelity in the aging mammal: studies with an
accurate in vitro system on aged rats. Mech. Ageing Dev. 29: 125-142.

Fontana, L., L. Partridge, and V. D. Longo. 2010. Extending healthy life span — from yeast to
humans. Science 328: 321-326.

Gabriel, W., M. Lynch, and R. Biirger. 1994. Muller’s ratchet and mutational meltdowns. Evolu-
tion 47: 1744-1757.

Hamilton, W. D. 1966. The moulding of senescence by natural selection. J. Theor. Biol. 12: 12-45.

Hayflick, L. 1977. The cellular basis for biological aging, pp. 159-188. In C. E. Finch and L. Hayflick
(eds.) Handbook of the Biology of Aging. Van Nostrand Reinhold, New York, NY.

Holliday, R., and G. M. Tarrant. 1972. Altered enzymes in ageing human fibroblasts. Nature 238:
26-30.

Hu, Z., K. Chen, W. Li, and J. K. Tyler. 2014. Transcriptional and genomic mayhem due to
aging-induced nucleosome loss in budding yeast. Microb. Cell. 1: 133-136.

Huberts, D. H., J. Gonzdlez, S. S. Lee, A. Litsios, G. Hubmann, E. C. Wit, and M. Heinemann. 2014.
Calorie restriction does not elicit a robust extension of replicative lifespan in Saccharomyces
cerevisiae. Proc. Natl. Acad. Sci. USA 111: 11727-11731.

Kaeberlein, M. 2010. Lessons on longevity from budding yeast. Nature 464: 513-519.

Kaganovich, D., R. Kopito, and J. Frydman. 2008. Misfolded proteins partition between two
distinct quality control compartments. Nature 454: 1088-1095.

Karatza, C,., and S. Shall. 1984. The reproductive potential of normal mouse embryo fibroblasts
during culture in vitro. J. Cell Sci. 66:401-409.

Kawaguchi, Y., J. J. Kovacs, A. McLaurin, J. M. Vance, A. Ito, and T. P. Yao. 2003. The
deacetylase HDACG6 regulates aggresome formation and cell viability in response to misfolded
protein stress. Cell 115: 727-738.

Kaya, A., C. Z. J. Phua, M. Lee, L. Wang, A. Tyshkovskiy, S. Ma, B. Barre, W. Liu, B. R. Harrison,
X. Zhao, et al. 2021. Evolution of natural lifespan variation and molecular strategies of extended
lifespan in yeast. eLife 10: e64860.

Kimura, M. 1957. Some problems of stochastic processes in genetics. Ann. Math. Stat. 28: 882-901.

Krisko, A., and M. Radman. 2013. Phenotypic and genetic consequences of protein damage. PLoS
Genet. 9: €1003810.

Lindner, A. B., R. Madden, A. Demarez, E. J. Stewart, and F. Taddei. 2008. Asymmetric segrega-
tion of protein aggregates is associated with cellular aging and rejuvenation. Proc. Natl. Acad.
Sci. USA 105: 3076-3081.

Long, H., D. J. Winter, A. Y.-C. Chang, W. Sung, S. H. Wu, M. Balboa, R. B. R. Azevedo, R.
A. Cartwright, M. Lynch, and R. A. Zufall. 2016. Low base-substitution mutation rate in the
germline genome of the ciliate Tetrahymena thermophila. Genome Biol. Evol. 8: 3629-3639.

Lynch, M. 2010. Evolution of the mutation rate. Trends Genetics 26: 345-352.



CELLULAR SENESCENCE 15

Lynch, R. Biirger, D. Butcher, and W. Gabriel. 1993. Mutational meltdowns in asexual populations.
J. Heredity 84: 339-344.

Lynch, M., and W. Gabriel. 1990. Mutation load and the survival of small populations. Evolution
44: 1725-1737.

Macara, I. G., and S. Mili. 2008. Polarity and differential inheritance — universal attributes of life?
Cell 135: 801-812.

Malmgren Hill, S., and T. Nystrém. 2016. Selective protein degradation ensures cellular longevity.
eLife 5: el7185.

Martin, G. M., C. A. Sprague, and C. J. Epstein. 1970. Replicative life-span of cultivated human
cells: effects of donor’s age, tissue, and genotype. Lab Invest. 23: 86-92.

Medawar, P. B. 1952. An Unsolved Problem of Biology. H. K. Lewis, London, UK.

Medvedev, Z. A. 1962. A hypothesis concerning the way of coding interaction between transfer
RNA and messenger RNA at the later stages of protein synthesis. Nature 195: 38-39.

Menendez-Benito, V., S. J. van Deventer, V. Jimenez-Garcia, M. Roy-Luzarraga, F. van Leeuwen,
and J. Neefjes. 2013. Spatiotemporal analysis of organelle and macromolecular complex inher-
itance. Proc. Natl. Acad. Sci. USA 110: 175-180.

Mori, N., D. Mizuno, and S. Goto. 1979. Conservation of ribosomal fidelity during ageing. Mech.
Ageing Dev. 10: 379-398.

Muller, H. J. 1964. The relation of recombination to mutational advance. Mutat. Res. 1: 2-9.

Nanney, D. L. 1974. Aging and long-term temporal regulation in ciliated protozoa: a critical review.
Mech. Ageing Dev. 3: 81-105.

Orgel, L. E. 1963. The maintenance of the accuracy of protein synthesis and its relevance to ageing.
Proc. Natl. Acad. Sci. USA 49: 517-521.

Orgel, L. E. 1970. The maintenance of the accuracy of protein synthesis and its relevance to ageing:
a correction. Proc. Natl. Acad. Sci. USA 67: 1476.

Raes, M., and J. Renmacle. 1983. Ageing of hamster embryo fibroblasts as the result of both
differentiation and stochastic mechanisms. Exp. Gerontol. 18:223-240.

Rang, C. U.; A. Y. Peng, and L. Chao. 2011. Temporal dynamics of bacterial aging and rejuvena-
tion. Curr. Biol. 21: 1813-1816.

Rodrguez, J. A., U. M. Marigorta, D. A. Hughes, N. Spataro, E. Bosch, and A. Navarro. 2017.
Antagonistic pleiotropy and mutation accumulation influence human senescence and disease.
Nat. Ecol. Evol. 1: 55.

Rothstein, M. 1975. Aging and the alteration of enzymes: a review. Mech. Ageing Dev. 4: 325-338.

Schlissel, G., M. K. Krzyzanowski, F. Caudron, Y. Barral, and J. Rine. 2017. Aggregation of
the Whi3 protein, not loss of heterochromatin, causes sterility in old yeast cells. Science 355:
1184-1187.

Shcheprova, Z., S. Baldi, S. B. Frei, G. Gonnet, and Y. Barral. 2008. A mechanism for asymmetric
segregation of age during yeast budding. Nature 454: 728-734.

Smith, J. R., and O. Pereira-Smith. 1977. Colony size distribution as a measure of age in cultured
human cells. A brief note. Mech. Ageing Dev. 6: 283-286.



16 CHAPTER 11

Smith-Sonneborn, J. 1979. DNA repair and longevity assurance in Paramecium tetraurelia. Science
203: 1115-1117.

Smith-Sonneborn, J. 1981. Genetics and aging in protozoa. Int. Rev. Cytol. 73: 319-354.
Spivey, E. C., S. K. Jones, J. R. Rybarski, F. A. Saifuddin, and I. J. Finkelstein. 2017. An

aging-independent replicative lifespan in a symmetrically dividing eukaryote. eLife 6: €20340.

Sung, W., A. Tucker, T. G. Doak, J. Choi, W. K. Thomas, and M. Lynch. 2012. Extraordinary
genome stability in the ciliate Paramecium tetraurelia. Proc. Natl. Acad. Sci. USA 109: 19339-
19344.

Takagi, Y., and M. Yoshida. 1980. Clonal death associated with the number of fissions in Parame-
cium caudatum. J. Cell Sci. 41: 177-191.

Thayer, N. H., C. K. Leverich, M. P. Fitzgibbon, Z. W. Nelson, K. A. Henderson, P. R. Gafken,
J. J. Hsu, and D. E. Gottschling. 2014. Identification of long-lived proteins retained in cells
undergoing repeated asymmetric divisions. Proc. Natl. Acad. Sci. USA 111: 14019-14026.

Toyama, B. H., J. N. Savas, S. K. Park, M. S. Harris, N. T. Ingolia, J. R. Yates, and M. W.
Hetzer. 2013. Identification of long-lived proteins reveals exceptional stability of essential
cellular structures. Cell 154: 971-982.

Vermulst, M., A. S. Denney, M. J. Lang, C.-W. Hung, S. Moore, M. A. Moseley, J. W. Thompson,
V. Madden, J. Gauer, K. J. Wolfe, et al. 2015. Transcription errors induce proteotoxic stress
and shorten cellular lifespan. Nat. Commun. 6: 8065.

Wang, P., L. Robert, J. Pelletier, W. L. Dang, F. Taddei, A. Wright, and S. Jun. 2010. Robust
growth of Escherichia coli. Curr. Biol. 20: 1099-1103.

Williams, G. C. 1957. Pleiotropy, natural selection and the evolution of senescence. Evolution 11:
398-411.

Winkler, J., A. Seybert, L. Konig, S. Pruggnaller, U. Haselmann, V. Sourjik, M. Weiss, A. S.
Frangakis, A. Mogk, and B. Bukau. 2010. Quantitative and spatio-temporal features of protein
aggregation in Fscherichia coli and consequences on protein quality control and cellular ageing.
EMBO J. 29: 910-923.

Yang, J., M. A. McCormick, J. Zheng, Z. Xie, M. Tsuchiya, S. Tsuchiyama, H. El-Samad, Q.
Ouyang, M. Kaeberlein, B. K. Kennedy, et al. 2015. Systematic analysis of asymmetric par-
titioning of yeast proteome between mother and daughter cells reveals “aging factors” and
mechanism of lifespan asymmetry. Proc. Natl. Acad. Sci. USA 112: 11977-11982.



CELLULAR SENESCENCE 17

Figure 11.1. Serial buildup and dilution of cellular damage. Depending on the stochastic patterns
of asymmetric damage inheritance among sublineages, the entire population of cells may remain
effectively immortal, while some portions of the extended pedigree may experience runaway damage
and go extinet. The intensity of blue denotes the physiological load carried by a cell, with the top
sublineage being one in which regular dilution of parental-cell damage leads to periodic rejuvenation
and persistence, and the bottom sublineage representing the opposite extreme — a series of consec-
utive generations of inheritance of excess parental cell damage, leading to cumulative physiological
deterioration.
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Figure 11.2. The distribution of damage inheritance in pedigrees of cells. Left) Transmission
of parental damage is perfectly symmetrical, leading to invariance in the level of damage among
descendent cells. In principle, the descendant cells can reach an equilibrinum level of nonlethal
damage if the rate of damage removal is not overwhelmed by damage accumulation each generation.
Right) Asymmetric inheritance leads to phenotypic variance in the damage levels in populations
of cells, with some nearly damage-free cells being maintained at the expense of damage-laden
cells. Two extended single-cell lineages with low levels of damage (blue) are highlighted with bold
connecting lines.
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Figure 11.3. Passive relocation of a cellular protein aggregate (red sphere) to the poles of sym-
metrically dividing cells. Because the aggregate is immobile, regardless of the starting point, it will
eventually be located near the poles of descendant cells. The numbers at the ends of cells denote the
ages of poles relative to the base individual. This schematic only shows the potential distribution
of aggregates descendant from the single ancestral cell, but in reality, new damage aggregates will
arise in each descendant and be apportioned into its descendants in the same manner. Not shown
is the possibility that aggregates may also dissipate over time. Modified from Lindner et al. (2008).
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Figure 11.4. Individual cells of the budding veast S. cerevisiae experience progressive decline in
cell-division potential, and therefore an accelerated rate of mortality with age, whereas those of the
fission yeast 5. pombe experience a constant mortality rate, as revealed by the diagonal survivorship
curve (on a logarithmie scale). From Spivey et al. (2017).
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Figure 11.5. Left) Continuous decline of cell-division potential in single-cell lines of the ciliate
Paramecium caudatum (Takagi and Yoshida 1980). Right) Similar plots for fibroblasts cultured
from various vertebrates: human (Smith and Pereira-Smith 1977); hamster (Raes and Remacle
1973); chicken (Angello and Prothero 1985); and mouse (Karatza and Shall 1984). The lines are
least-squares regressions scaled to give a time-zero fitness equal to 1.0, except in the case of hamster.
From Lynch and Gabriel (1990).
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Figure 11.6. Left) Recursion plots for the relationship between cell-division times (I") in mother
and daughter cells (the = and ¥y axes, respectively) for the case of symmetrical eell division. Diagonal
dashed lines denote potential points of equilibrium, with daughter and parental-cell division times
being equal to each other. Starting with a particular value of T" for a mother cell, Equation 11.1.4
defines the starting damage in that cell, which when entered into Equation 11.1.5 generates the
damage in the first-generation daughter cell at the time of its division; substitution of the latter
into Equation 11.1.6 then leads to the cell division time of this daughter cell; and this sequence
of calculations can be done anew to vield the cell-division time in the next generation. The solid
line denotes the expected relationship between mother and offspring cell-division times, which must
intersect the dashed line for an equilibrinm to exist, and moreover must intersect from above to
the left for this equilibrium to be stable (upper left panel). The solid lines with arrows denote
the successive projections of cell-division times for mothers and daughters from one generation
to the next — starting with a particular maternal T}, the offspring T, is determined by reading
the appropriate value for the solid line off the y axis; this time value then becomes Ty for the
next generation, and so on. In the upper panel, P, = 2 and A = 0.005, so the key parameter
P.)A = 0.10, which according to Equation 11.1.9 is sufficient to allow a stable equilibrium, as
designated by the intersection of the solid and dashed lines; in this case, if T starts below the
equilibrium, it progressively inereases until reaching this point, and vice versa, if T' starts above the
equilibrium. In the lower panel, the rate of damage accumulation is too high for an equilibrium to
be achieved; regardless of the starting point, T eventually inereases without bound as descendants
progressively accumulate more and more damage. Right) Actual observations on the cell-division
times for parent and offspring pairs of E. coli cells, with the solid and open points designating the
times for the daughter cells with the longest and shortest division times. Although the data are
quite noisy, the regression lines for both sets of points intersect the diagonal. consistent with a
non-senescing population. From Chao (2010).
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