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Theories of aging

It has been historically thought that in conditions that permit growth, most unicellular species do not to age. This
was particularly thought to be the case for symmetrically dividing species, as such species lack a clear distinction
between the soma and the germline. Despite this, studies of the symmetrically dividing species Escherichia coli
and Schizosaccharomyces pombe have recently started to challenge this notion. They indicate that E. coli and S.
pombe do age, but only when subjected to environmental stress. If true, this suggests that aging may be wide-
spread among microbial species in general, and that studying aging in microbes may inform other long-standing

questions in aging. This review examines the recent evidence for and against replicative aging in symmetrically
dividing unicellular organisms, the mechanisms that underlie aging, why aging evolved in these species, and
how microbial aging fits into the context of other questions in aging.

1. Introduction

In 1957, George Williams first proposed the theory of antagonistic
pleiotropy of aging. This theory required a clear distinction between the
soma and the germ line: “The theory regards senescence as an evolved
characteristic of the soma. We should find it where soma has evolved, but not
elsewhere.” (Williams, 1957). This was further expanded in the dis-
posable soma theory (Kirkwood, 1977), which similarly requires a
distinction between the expendable soma and the immortal germline.
These theories form a cornerstone of the current thinking on evolution
of aging (Gavrilov and Gavrilova, 2002; Ackermann et al., 2007a;
Kirkwood, 2005) and predict that similarly to germ line cells, uni-
cellular species such as Escherichia coli should not age (Williams, 1957).
Despite these predictions, it has long been documented that some
unicellular species do age, most notably Saccharomyces cerevisiae
(Mortimer and Johnston, 1959) and Paramecium tetraurelia (Smith-
Sonneborn, 1979; Aufderheide, 1987). Indeed, S. cerevisiae has been
used as a model species for aging and has been extensively studied for
decades (see Piper, 2006; Longo et al., 2012; Nystrom and Liu, 2014b;
Denoth Lippuner et al.,, 2014 for in-depth reviews). However, these
species have attributes that make them arguably different from many
other unicellular species. P. tetraurelia, unlike most other unicellular
species, experiences clonal senescence when deprived of sexual re-
production (Aufderheide, 1987). S. cerevisiae replicates via asymmetric
division — budding, where the aging mother cell is morphologically
clearly distinct from the daughter cell (Mortimer and Johnston, 1959)
and can be thought of as assuming the role of the soma. Importantly, for
species that divide symmetrically, such distinction does not occur. S.
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cerevisiae and P. tetraurelia may therefore have been considered special
cases, different from symmetrically dividing unicellular species and the
germline of multicellular organisms. As a consequence of this view and
the experimental difficulties of studying microbial aging, over the last
60 years, most unicellular species have generally been considered not to
age (see Kirkwood and Austad, 2000; Nystrom, 2003; Ackermann et al.,
2007a). This review focuses on replicative aging in symmetrically di-
viding model species E. coli and S. pombe. Unlike S. cerevisiae, they have
no clear morphological distinction between two daughters which would
allow one daughter to assume the role of the soma — and thus, until
recently, were predicted not to age. Importantly, throughout this re-
view, “aging” refers to aging in environmental conditions that permit
growth (replicative aging) which is conceptually distinct from senes-
cence that occurs due to growth-limiting conditions (see below and Box
1. Replicative aging vs conditional senescence). For aging in the asym-
metrically dividing S. cerevisiae, the reader is referred to one of the
several excellent reviews (Steinkraus et al., 2008; Longo et al., 2012;
Clay and Barral, 2013; Denoth Lippuner et al., 2014) and for senescence
that occurs in growth-limiting conditions, the reader is referred to an-
other set of great reviews (Longo et al., 2012; Gonidakis and Longo
2013; m 1999; m, 2002, 2003, 2007; m, 2002, 2003, 2007; m, 2002,
2003, 2007).

2. Do symmetrically dividing species age?
Senescence of both symmetrically and asymmetrically dividing

microbes has been reported to occur in growth-limiting conditions since
the 1960s (Burleigh and Dawes, 1967; also see Nystrom, 2003;
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Box 1
Replicative aging vs conditional senescence.
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Aging in microbial species has been studied in two main ways — in stationary phase, starvation, or other conditions that do not allow cells to
divide (conditional senescence or chronological aging), and in conditions that permit active growth (replicative aging). In conditional
senescence studies, the viability of the whole population is tracked, and longevity is measured using chronological time (chronological
lifespan). In contrast, replicative aging studies mostly track cells on a single-cell level, and measure longevity as the number of divisions
before death (replicative lifespan).

With the exception of S. cerevisiae, studies of conditional senescence predate studies of replicative aging, and mostly consist of studies
where yeast or bacteria are growth-limited by growing them to stationary phase in complex medium, or in defined medium lacking key
nutrients (Fredriksson and Nystrom, 2006; Longo et al., 2012). In such conditions, the population-wide viability decreases with time, as
seen by a decreasing number of colony forming units on agar after plating (although a number of other and more sophisticated methods
have also been used to study this phenomenon) (Gonidakis and Longo, 2013; Longo et al., 2012). This process, termed chronological aging
by yeast microbiologists and more carefully conditional senescence by bacterial microbiologist, is sometimes compared to aging of mul-
ticellular organisms (Fredriksson and Nystrom, 2006; Gonidakis and Longo, 2013). While the definition of aging is not universally agreed
upon (see Do symmetrically dividing species age?), this process is more similar to a stress response than to the process of mandatory aging
seen in animals, as the growth arrest is caused by high cell density, starvation or toxic metabolites and results in upregulation of a number
of stress-response genes (Nystrom, 2003; Fredriksson and Nystrom,2006). Indeed, it is not surprising that starvation or high stress would
lead to a decrease in viability and ultimate death of any organism, irrespective of aging. Hence the term conditional senescence. Never-
theless, studies of conditional senescence should not be dismissed as uninformative to aging, nor viewed as strictly separate from replicative
aging. A number of similarities exist between replicative aging and conditional senescence: in both, the affected cells show a time-de-
pendent decrease in viability, accumulation of carbonylated proteins and reactive oxygen species (Gonidakis and Longo, 2013; Fredriksson
and Nystrom, 2006), and calorie restriction extends lifespan in both models (Fredriksson and Nystrom, 2006; Longo et al., 2012). Fur-
thermore, a number of genes have been identified through conditional senescence studies that have later been found to be important in
aging across a number of species. These include the TOR/S6K pathway, Ras/adenylate cyclase pathway, PKA, SOD2, as well as a number of
other downstream genes (Longo et al., 2012). Finally, as seen from this review, both are likely caused by environmental stress — although in
the case of replicative senescence, the stress is not large enough to induce growth arrest.

However, important differences exist as well. It can be argued that replicative aging is a closer model to the constitutive aging seen in
animals, as in this model the organisms are not affected by starvation or growth-inhibiting stress (Fredriksson and Nystrom, 2006). On the
other hand however, microbial populations are much more likely to experience growth-limiting conditions than a surplus of nutrients in
nature, and it can be argued that studies of conditional senescence are employing a model more closer to the natural environments of
microbes (Gonidakis and Longo, 2013). Therefore, the choice of the model depends on the specific question, the goal of the study, and the
angle of view. Either way, considerable care should be taken before extrapolating results obtain from single-celled organisms to multi-
cellular organisms.

Finally, an often overlooked aspect of replicative aging vs conditional senescence is that they describe two continuous, consecutive
phases of the microbial life cycle. Replicative aging occurs during active growth in the logarithmic phase and transitions into conditional
senescence during stationary phase, whereby the transition between the two phases is gradual. It is likely that replicative aging influences
the cell fate later during conditional senescence. However it is unknown to what degree and in which manner, as at present, no studies have
reported tracking cell aging continuously through both phases.

Fredriksson et al., 2006; Nystrom, 2007; Ksiazek, 2010). In conditions
where high cell density, starvation, presence of toxic metabolites or
other factors keep cells from dividing, they undergo a time-dependent
decrease in viability and eventually lose their capacity to proliferate —
a process dubbed conditional senescence (Nystrom, 1999; also known
as chronological aging — see Box 1). Therefore, it is well established
that under such conditions, unicellular species can senesce and die.
However, whether this phenomenon should truly be considered aging
has been debated (Nystrom 2003; Fredriksson and Nystrom,2006), as in
this method, senescence is invariably induced by stressful extrinsic
factors, while aging in animals and other organisms is caused by in-
trinsic changes that occur despite optimal environments. Until recently,
it was thought that in conditions that support growth, most unicellular
organisms do not age.

This was particularly true for symmetrically dividing species, which
lack a morphological distinction between the mother and daughter
cells. Indeed, the notion that symmetrically dividing species could age
in general, even in optimal conditions, seems contradictory. If a cell
divides into identical daughters, then if one daughter ages, the other
must age as well — and if both daughters age similarly, it would ulti-
mately lead to clonal aging and death of the whole population. Yet even
in symmetrically dividing species, the two daughter cells are not com-
pletely identical. In E. coli, one cell pole is synthesized de novo during
each division, and in the subsequent division, one daughter cell inherits

the newly synthesized pole while the other inherits the old pole (Fig. 1).
This creates an asymmetry between the two daughter cells, as their cell
poles are of different ages. As a result, even though division is sym-
metrical and leads to apparently identical daughters, the daughters
have different replicative ages due to the different ages of their cell
poles (Fig. 1).

That aging may affect bacteria during active replication was first
shown by the discovery of aging in Caulobacter crescentus, a bacterium
in which a stalked mother cell attaches to the substrate and produces
daughter cells via asymmetric division (see Figs. 2 and 3A) (Ackermann
et al., 2003). In this species, stalked cells show a continuous decline in
reproductive output and die on average after 200 hours (Ackermann
et al., 2003). However, evidence that aging may also affect symme-
trically dividing bacteria (and thus bacteria in general), came from
subsequent studies of the symmetrically dividing E. coli (Stewart et al.,
2005). In this study, fluorescence microscopy and automated tracking
was used to track cells that received either the new or old poles in a
colony growing on agarose (see Fig. 3A), which showed that cells that
continuously received the old pole experience a small but significantly
decreased division rate (Stewart et al., 2005). This was confirmed with
similar observations a few years later (Lindner et al., 2008), providing
support for aging in symmetrically dividing bacteria. However, as a key
limitation, microscopy allowed the observation of only a limited
number of divisions (approximately 10). When E. coli divisions were
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Fig. 1. Inheritance of cell poles in symmetrically dividing microbes. Both E. coli and S. pombe divide by symmetric fission, and are used as model organisms. Starting from a hypothetical
completely rejuvenated cell in which all cell components are new (age of both poles is 0), during division one cell pole is synthesized anew whereas the other is inherited from the mother
cell. The replicative age of the inherited pole increases with each division. After second division, one daughter inherits the new pole and the other the old pole, which creates a difference
between the replicative ages of the daughters. The replicative age of a cell is equal to the replicative age of its oldest pole. Already after the first division, the two cell poles of the
daughters are of different age — therefore asymmetry arises inevitably during cell division, and does not require a mother cell that is asymmetric. It is necessary to point out that for this
reason, no cell in the population in which the age of both poles is 0 actually exist and is used here as an example only. Also, importantly, even old cells produce rejuvenated young

daughter cells with replicative age of 1 at each division.

tracked long-term in a microfluidic device (see Fig. 3B), cells con- old pole cells decreases only initially, and these experiments observed
tinuously receiving the old pole were shown to divide for over 200 different aspects of the same process, as fluorescence microscopy was
generations with no decrease in division rate (Wang et al., 2010). This, used to track up to 10 divisions, (Stewart et al., 2005; Lindner et al.,
on the opposite indicates that E. coli does not age. The exact reasons for 2008), while microfluidics experiments excluded the first 10 divisions
this contradiction are not known. It is possible that the division rate of from the analysis but tracked subsequent divisions long-term (Wang
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Fig. 2. The model unicellular species used
for aging studies. Aging was first studied in
the asymmetrically dividing yeast
Saccharomyces cerevisiae (Mortimer and
Johnston, 1959) and bacterium Caulo-
bacter crescentus (Ackermann et al., 2003).
C. crescentus reproduces by asymmetric
fission of a stalked cell attached to a solid
substrate, which produces a motile
swarmer cell. Aging was then discovered
in symmetrically reproducing species: the
bacterium Escherichia coli (Stewart et al.,
2005) and the fission yeast Schizosacchar-
omyces pombe (Coelho et al., 2013), both of
which divide into morphologically similar
daughters. Importantly, for symmetrically
dividing species, no clear distinction be-
tween mother and daughter cell occurs,
which was thought to preclude the possi-
bility of aging.
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Fig. 3. Methods for studying aging in symmetrically dividing bacteria and yeast. (A) Light and fluorescence microscopy, used to study aging in C. crescentus (Ackermann et al., 2003), S.
pombe (Barker and Walmsley, 1999; Coelho et al., 2013), E. coli (Stewart et al., 2005) and S. cerevisiae (Mortimer and Johnston, 1959). Using fluorescence microscopy and a strain
expressing fluorescent proteins in conjunction with computational tracking, slight changes in cell division rates can be determined (Stewart et al., 2005). This allows comparisons of all
cells, but is limited by the low number of divisions that can be observed (approximately 10). (B) Microfluidics with microscopy, used to study aging in E. coli and S. pombe long-term
(Wang et al., 2010; Spivey et al., 2017). Nutrient is flown above the wells containing single cells, and growth is monitored via microscopy. While both new pole and old pole cells divide,
old pole cells are retained at the bottom of the wells (bottom cell) and tracked for long periods of time while new pole cells (second to bottom and above) are extruded from the channel
after a few divisions. This allows measurement of hundreds of consecutive divisions, but only allows tracking of old-pole lineages. Blue (left) and red (right) vertical bars indicate slower

divisions of old pole cells and faster divisions of new-pole cells respectively.

et al., 2010). Alternatively, the differences could have been caused by
differences in the experimental conditions, such as light intensity
(which influences the generation of free radicals and ROS-damage;
Greenbaum et al., 2000) or substrate (solid agarose vs liquid media).

In fact, there is evidence that both explanations may be correct.
Studying aging in E. coli, Rang et al., 2011 developed a model to predict
the behaviour of cells in a system where cells accumulate damage due
to external stress and rejuvenate through continuous production of new
cells. They see that in such system, cells that continuously receive the
new pole (new pole lineage) converge to a state with a high division
rate, while the cells that continuously receive the old pole (old pole
lineage) fall to a state with a low division rate (see Fig. 4) (Rang et al.,
2011). In these states, dubbed ‘attractor’ states, the division rates of
both old pole and new pole lineages are stable, but the division rate of
old pole lineage remains constantly lower than that of new pole lineage
(Fig. 4). Importantly, the stable attractor states are predicted to be in-
fluenced by the level of extrinsic damage: the higher the extrinsic da-
mage, the lower the division rate of old-pole cells is predicted to be
(Rang et al., 2012). Were this model correct, it would explain the
conflicting observations from fluorescence microscopy vs microfluidics
experiments, as these two approaches used different media and pho-
toactivation levels (which influences levels of extrinsic stress) and
tracked cells over different timescales (Stewart et al., 2005; Wang et al.,
2010).

Several lines of experiments indicate that this model may indeed be
correct. Rang et al., 2012 show that there is a slight but significant
difference between the division rates of old and new pole lineages in
high antibiotic stress but not under low or no antibiotic stress. Further
experiments show that under high levels of heat or antibiotic stress, old
pole lineages show a high reduction in division rate compared with new
pole lineages (Ni et al., 2012; Vedel et al., 2016). Combining experi-
mental approaches with modelling, Vedel et al. further show that while
some lineages converge to the old pole and new pole attractor states,
these states represent the two extremes of division rates, with most cell
having division rates between these two states (gray areas in Fig. 4)
(Vedel et al., 2016). As a result, evidence indicates that in benign
conditions, neither the new pole or old pole lineages of E. coli age. But

when suffering from external damage, the old pole cell lineages of the
population begin to suffer from a decreased division rate, proportion-
ally to the level of damage (Fig. 4).

It therefore seems that aging in E. coli differs considerably from
aging in most other species. In multicellular species, as well as uni-
cellular species such as S. cerevisiae and C. crescentus, division rate de-
creases continuously after first reproduction until death (Mortimer and
Johnston, 1959; Ackermann et al., 2003). This raises the question of
whether the phenomenon seen in E. coli should be considered as aging
at all. Importantly, this depends on one’s definition of aging. Although
the definition of aging is not universally agreed upon, in animal po-
pulations, aging is most commonly defined as a decreased fecundity and
an increased probability of death with increasing age (Flatt, 2012). In
conditional senescence studies, aging is commonly observed as de-
creased viability (as assayed by colony forming units on agar) of the
bacterial cultures, and increased levels of stress and damage markers
over time (Gonidakis and Longo, 2013). In the replicative aging studies
of E. coli discussed above, most studies have used growth rate (i.e. fe-
cundity) as their primary read-out for aging. While reduction in fe-
cundity is often indicative of aging in other species, this is not always
the case, and plateaued or even increasing fecundity is sometimes ob-
served (Jones et al., 2014). This indicates that growth rate alone is not a
sufficient proxy for aging, and should be accompanied by measure-
ments of further parameters (probability of death, life span, viability
and markers for damage, stress and senescence).

Nevertheless, while it is open to debate whether this phenomenon
should be defined as aging, several observations argue that it indeed
should. Firstly, in external stress, only the old pole lineages suffer from
a decreased growth rate, while the new pole lineages replicate at a si-
milar rate as cells without external stress (Rang et al., 2012). This is
observed independently of the type of stress applied. Various sources of
stress have been tested so far: streptomycin at different concentrations
(Rang et al., 2012; Ni et al., 2012), kanamycin (Vedel et al., 2016),
42 °C heat shock (Ni et al., 2012; Vedel et al., 2016), hydrogen peroxide
(in S pombe; Coelho et al., 2013) and potentially (inadvertently) also
light-induced free radical damage as a result of fluorescence microscopy
(Stewart et al., 2005). While there are some reports that different
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stressors may lead to somewhat different patterns of aging (see Aging in
S. pombe), they all cause aging of only or mostly the old pole lineages.
This asymmetry argues against simple stress-induced decline of division
rate, which would be expected to affect all cell lineages equally. Sec-
ondly, although the division rate of E. coli did not decrease beyond a
certain point in long-term experiments, an increase in probability of
death with increasing age was nevertheless observed (Wang et al.,
2010). This indicates that even when growth rate is stable, age-related
damage still accumulates in the background, leading to eventual death
of the cell. Finally, several studies have shown that markers indicative
of damage and stress are present at higher levels in aged cells compared
to rejuvenated daughters (see below in Mechanistic causes of aging).
Therefore, aging in E. coli seems to manifest itself as a decrease in di-
vision rate and an increased probability of death of old-pole lineages in
response to stress.

3. Aging in S. pombe

Studies of aging in another symmetrically dividing species — the
eukaryotic fission yeast Schizosaccharomyces pombe have yielded similar
results. Reports of aging in S. pombe existed already before aging was
discovered in C. crescentus (Barker and Walmsley, 1999), however
whether S. pombe was truly aging was debated (see Minois et al., 2006).
Since then however, considerable evidence has accumulated in support
of aging in S. pombe. Aged cells show an increasing difference in mor-
phology compared to new, rejuvenated daughters and die after a lim-
ited number of replications (Barker and Walmsley, 1999). Some cells in
the population exhibit high levels of damaged proteins (Minois et al.,
2006), with high damage levels being correlated with lower division
rates (Erjavec et al., 2008). It was also shown that similarly to E. coli, S.
pombe does not seem to age in favourable conditions, but does age
under stress. In favourable conditions, cells showed no increase in
mortality or decrease in division rate, but when treated with a heat
shock or oxidative stress, showed a reduced division rate and an in-
creased mortality in the aging cell lineage (Coelho et al., 2013). In-
terestingly, in S. pombe, aging was not correlated with old or new cell
poles as was the case in E. coli, possibly because the new cell wall is
synthesized from multiple areas along the whole cell wall in S. pombe

7

A4

N
7

Time

Fig. 4. Aging under different levels of stress. Growth rates of cell lineages receiving new pole vs old pole under no stress, low stress, medium stress and high stress. Growth starts from a
rejuvenated cell. The rejuvenated new pole lineage retains a state with a high division rate, while the old pole lineage inherits more damage and suffers from decreased division rate. Both
the new and old pole lineages reach states where division rate is stable, called attractor states. These states are dependent on the level of extrinsic stress — in low stress, the new pole and
old pole lineages differ little, but at increased stress levels begin to differ considerably more. At high stress conditions, the old pole lineage division rate can decrease continuously until
death. The two attractor states represent the extremes of high and low division rates, whereby most lineages occupy the space between them (gray area).

(Coelho et al., 2013). Instead, aging was most correlated with inclusion
bodies made of damaged proteins (see further below). The aging
lineages in S. pombe therefore seem to consist of the daughter cells that
continuously inherit protein or other macromolecular damage instead
of a particular cell pole.

Finally, in an effort to track S. pombe divisions over long timespans,
a recent study developed a microfluidics platform to continuously track
S. pombe long-term (Spivey et al., 2017). The authors show that S.
pombe can divide robustly for over 75 generations without changes in
cell morphology, division rate or sibling health prior to sudden death
(Spivey et al., 2017). Interestingly, they also observe that the re-
plicative lifespan of S. pombe was increased by overexpression of sir-
tuins or treatment with rapamycin (Spivey et al., 2017). This indicates
that similarly to E. coli, the division rates of S. pombe lineages remain
stable in benign conditions, but that some damage is still accumulating
in the background, and that this damage accumulation is reduced by
these pro-longevity treatments. Considered together, these studies in-
dicate that similarly to E. coli, S. pombe does not show conventional
aging hallmarks in favourable conditions, but starts to age in response
to external stress (Fig. 4).

4. Mechanistic causes of aging

The discovery of aging in these unicellular species raises the ques-
tion of what ultimately causes aging on the cellular level. Damage to
various cell components, including cell wall, proteins, organelles and
DNA have been proposed. The majority of studies have evaluated
protein damage (Lindner et al., 2008; Lindner and Demarez 2009;
Villar-Pique et al., 2012; Coelho et al., 2013; Baig et al., 2014) and
damage to the proteome certainly seems to play a role. In S. pombe,
aging was best correlated with asymmetric segregation of large protein
aggregates that formed as a result of external stress, rather than a cell
pole (Coelho et al., 2013; Coelho et al., 2014). It is also notable that the
pattern of protein aggregation and aging (decrease in division rate
before death) differed between S. pombe cells treated with a heat shock
or reactive oxygen species, indicating that different types of damage
may cause aging in different ways (Coelho et al., 2013). Protein damage
has also been implicated in the aging of E. coli, as old-pole cell lineages
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have a higher probability of receiving protein aggregates, and ag-
gregates alone (independent of old poles) explain approximately 30% of
the decrease in division rate (Lindner et al., 2008; Winkler et al., 2010).
How protein aggregates specifically bring about the reduction in fe-
cundity and increased mortality is unknown, but it has been shown that
aggregates can cause cellular toxicity through a variety of mechanisms,
including increased production of reactive oxygen species, crowding of
the cytoplasm, and an increasing recruitment of newly synthesized
proteins to aggregates (see Bednarska et al., 2013 for a full review).

Despite the clear role of protein damage, aging in E. coli could not be
explained by protein aggregates alone (Lindner et al., 2008), and it is
likely that factors other than protein damage are involved. Although the
old pole cell wall was the first cellular component to be tracked in E.
coli, effects of damage to the cell wall seems not to have been studied
extensively.

Another possibility is damage to DNA, which has been implicated to
contribute to aging in yeast and multicellular species (Sinclair and
Guarente, 1997; Garinis et al., 2008). If DNA damage were to also play
a role in aging of E. coli and S. pombe, it would somehow have to be
asymmetrically confined to one daughter cell. In S. cerevisiae, the old
mother cell accumulates toxic rDNA circles, which are not passed on to
the young daughter (Sinclair and Guarente, 1997), however rDNA cir-
cles have not been reported in E. coli or S. pombe, and whether and to
what extent they are important in these species is unknown. In addition
to rDNA circles, it has also been proposed that two DNA strands may be
damaged differently, and that the damaged strand is selectively segre-
gated during division to the aging cell (the immortal strand hypothesis
— see Cairns, 1975). However, the existence of this is heavily debated
even in mammalian stem cells in which it was first proposed (see
Rando, 2007; Pine and Liu, 2014; Tomasetti and Bozic, 2015). Cur-
rently no empirical evidence exists to imply that this occurs in E. coli, S.
pombe or any other unicellular organism.

Therefore, the majority of current evidence points towards damage
to the proteome and subsequent asymmetric segregation of the da-
maged proteins as a major proximal cause of aging in E. coli and S.
pombe. However, no mechanism that explains all of the observed aging
effects have yet been reported, and it is likely that other factors are also
important. In the well-studied S. cerevisiae, in addition to rDNA circles
and damaged proteins (Zhou et al., 2014; Coelho and Toli¢, 2015;
Nystrom and Liu, 2014a; Saarikangas and Barral, 2015; Saarikangas
and Barral, 2016), the aging mother cells also show defects in vacuolar
and cytoplasmic pH (Hughes and Gottschling, 2012; Henderson et al.,
2014) and accumulates reactive oxygen species (Laun et al., 2004) and
dysfunctional mitochondria (Scheckhuber et al., 2007; Winkler et al.,
2010). These types of damage may also be important to symmetrically
dividing unicellular species, however to what extent this is true is un-
known. It is worthwhile to point out that in these studies, asymmetric
segregation of damage did not lead to observable morphological dif-
ferences between daughter cells. This indicates that asymmetric da-
mage segregation does not necessarily lead to loss of symmetric divi-
sions, defined as divisions that produce morphologically identical
daughter cells as observed by microscopy. Therefore, symmetry of di-
visions can not be used as a proxy for damage segregation symmetry —
whether damage is segregated asymmetrically or not must be de-
termined with molecular tools specific to the type of damage in ques-
tion.

5. Evolutionary benefits of asymmetric damage segregation

Observing asymmetric segregation of damage in the very distantly
related S. pombe and E. coli suggests that it may have arisen due to some
evolutionary advantage. Several models concerning various aspects of
damage segregation have been created to estimate the evolutionary
benefit of asymmetric damage segregation (Johnson and Mangel, 2006;
Watve et al., 2006; Ackermann et al., 2007a; Erjavec et al., 2008; Chao
2010; Winkler et al., 2010; Rang et al., 2011; Rashidi et al., 2012; Clegg
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et al., 2014; Koleva and Hellweger, 2015; Lade et al., 2015; Vedel et al.,
2016). These vary in their strategy, complexity and assumptions,
however a common theme emerging from them is that under stressful
conditions, populations in which cells segregate damage asymme-
trically are predicted to tolerate higher levels of damage and out-
compete the populations that do not. Some models even predict that
asymmetric damage segregation may favour itself in a positive feedback
loop (Vedel et al., 2016; Ni et al., 2012). As a result, multiple lines of
evidence suggest that asymmetric damage segregation serves to limit
macromolecular damage to only some cells of the population, and de-
spite causing aging in these cells, leads to increased survival of the
population as a whole. While population-level selection is unlikely to
occur in animals, such selection can occur in microbes, as unlike in
animals, the individual microbial cells are genetically almost identical.
This conclusion is also reached when accounting for conditional se-
nescence (see Gomez, 2010).

Of note, most models have not considered the role of active repair
(degradation and re-synthesis of damaged proteins) in homeostasis, and
contrary to most other models, a model proposed by Clegg et al. sug-
gests that asymmetric segregation of damage is only advantageous
when damage is abundant and toxic, and efficiency of repair is low or
costly, while repair is the optimal strategy in other conditions (Clegg
et al., 2014). Indeed, this is supported by the observation that in low
levels of external damage, E. coli and S. pombe do not segregate damage
unequally (Lindner et al., 2008; Erjavec et al., 2008; Vedel et al., 2016),
indicating that damaged components are efficiently repaired or diluted
during cell division. However, it must be noted that some types of
protein damage (for example carbonylation) have been reported to be
highly resistant to degradation in both species (Maisonneuve et al.,
2008; Aguilaniu et al., 2003), and very long-lived protein junk has been
found in S. cerevisiae (Thayer et al., 2014). Therefore while in most
conditions repair may be the optimal strategy, the conditions in which
asymmetric damage segregation has been observed to occur may indeed
meet the requirements of abundant damage and low efficiency of repair
as proposed by Clegg et al. (2014).

Given the likely evolutionary advantages of damage segregation,
cells may have evolved mechanisms to actively control asymmetric
segregation of damaged macromolecules. In S. cerevisiae, protein ag-
gregates are tethered to mother cell organelles (Spokoini et al., 2012;
Zhou et al., 2014) and have been shown to be actively transported via
actin filaments by a machinery involving the polarisome (Fig. 5) (Liu
et al., 2010; Liu et al., 2011; also see Coelho and Toli¢, 2015). In S.
pombe and E. coli, active transport of aggregates has not been reported.
However, in S. pombe, it has been shown that large aggregates accu-
mulate from smaller ones in a process requiring Hsp16 (Fig. 5) (Coelho
et al., 2013, 2014), and that the formation of these aggregates leads to
effective segregation of protein damage to only one daughter cell (Lade
etal., 2015). In E. coli, formation of large aggregates similarly facilitates
asymmetric damage segregation, as large aggregates are localized to
one pole by diffusion and macromolecular crowding (Lindner et al.,
2008; Coquel et al., 2013). Further studies indicate that in E. coli,
asymmetric segregation of protein aggregates occurs as a result of the
nucleoid region excluding the aggregates from the mid-cell region,
which causes the aggregates to accumulate at the old cell pole (Gupta
et al., 2014). This process occurs relatively robustly, although it can be
affected by low temperatures (Gupta et al., 2014; Neeli-Venkata et al.,
2016; Oliveira et al., 2016). Therefore, although active control of
asymmetric damage segregation has not been reported for E. coli or S.
pombe, it seems that mechanisms to ensure robust damage segregation
have nevertheless evolved in these species as well.

The observation that E. coli and S. pombe only age under stress raises
the question of why C. crescentus and S. cerevisiae age obligatively, even
in benign environments. Unlike E. coli and S. pombe, C. crescentus and S.
cereivisiae divide asymmetrically, which may offer a potential ex-
planation. If asymmetric division somehow predisposes to constant
segregation of damage into one cell, it is possible that obligative aging
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Fig. 5. Mechanisms of damage segregation in Saccharomyces cerevisiae, Schizosaccharomyces pombe and Escherichia coli. In E. coli and S. pombe, asymmetric segregation of protein
aggregates is achieved by fusion of damaged proteins into large aggregates, which then segregate into one cell due to the effects of macromolecular crowding and diffusion (Lindner et al.,
2008; Coquel et al., 2013; Coelho et al., 2014; Lade et al., 2015). In S. pombe, fusion of aggregates has also been shown to be Hsp16-dependent (Coelho et al., 2013; Coelho et al., 2014). In
S. cerevisiae, protein aggregates have been shown to be tethered to mother cell organelles (nuclear membrane, mitochondria, vacuoles) (Spokoini et al., 2012; Zhou et al., 2014), and are
actively transported along actin filaments to the mother cell in a process involving the polarisome (Liu et al., 2010; Liu et al., 2011; also see Coelho & Toli¢ 2015). Furthermore, damaged
organelles and rDNA circles are also maintained in the mother cell through a variety of mechanisms (Denoth Lippuner et al., 2014). If and to what extent similar processes occur in E. coli
or S. pombe is unknown. In all cases, damage segregation results in one damage-free new daughter cell and one damage-containing old daughter cell.

is simply the byproduct of morphologically asymmetric division. It is
not known whether this is the case, however this could conceivably
occur if the diffusion of damaged molecules into the daughter cell cy-
toplasm is restricted or if the daughter cell receives the majority of
newly synthesized organelles or cell components. If so, obligative aging
could be permitted to arise if the life span of cells in their natural en-
vironment is low and longevity is not selected for, or if the fitness cost
of aging is low. Indeed, on average, yeast undergoes around 30 divi-
sions and C. crescentus around 40 divisions before death (Mortimer and
Johnston, 1959; Ackermann et al., 2003), meaning that in the absence
of other causes of mortality, roughly only 1 in 23 and 1 in 2*° cells in a
population respectively die of aging (although this does not account for
losses due to decreased fecundity). There is limited evidence that ob-
ligative aging may indeed be a byproduct. In S. cerevisiae, it was found
that during division, a septin-dependent diffusion barrier forms in the
nuclear envelope between the mother and daughter cells, which re-
stricts the diffusion of rDNA circles into the daughter (Shcheprova
et al.,, 2008). Furthermore, when populations of C. crescentus were
subjected to strong early selection pressures (which was expected to
lead to faster aging), the majority of populations surprisingly evolved
lower rates of aging (Ackermann et al., 2007b). This indicates that in-
creased longevity was a byproduct of some other mechanism
(Ackermann et al., 2007b). However, very few studies have examined
this question, and at present aging has been studied in too few uni-
cellular species to determine whether asymmetric division is causa-
tively linked to obligative aging.

6. Aging in other unicellular organisms

There are now well-studied examples of aging in the asymmetrically
dividing S. cerevisiae and C. crescentus (Jazwinski 1993; Ackermann
et al., 2003) as well as the symmetrically dividing E. coli and S. pombe
(Stewart et al., 2005; Coelho et al., 2013). Discovery of aging in these
species raises the question of how prevalent aging is among unicellular
species in general. In addition to these four species, there are also
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limited reports of aging in Paramecium tetraurelia (Smith-Sonneborn,
1979; Aufderheide, 1987), Mycobacterium (Aldridge et al., 2012), Ba-
cillus subtilis (Veening et al., 2008), Methylobacterium extorquens
(Bergmiller and Ackermann 2011), diatom Ditylum brightwellii (Laney
et al.,, 2012) and alga Chlamydomonas reinhardtii (Damodaran et al.,
2015; Humby et al., 2013). These examples indicate that aging could be
the rule, rather than exception in unicellular organisms. Furthermore,
asymmetric division has been recorded in a large number of species
(Kysela et al., 2013), and if asymmetric division is accompanied by
obligative aging (as in C. crescentus and S. cerevisiae), then a large
number of species would be expected to age. However, currently very
little is known about the aging of the vast majority of unicellular spe-
cies. Furthermore, aging has so far been tested only in simplified la-
boratory environments, due to the difficulties of detecting the subtle
changes in phenotypes in more complex environments that would
emulate natural conditions. This means that whether aging is important
or occurs similarly in the context of varying environmental conditions,
competition for food, predation, etc. is unknown. It is clear that large-
scale studies are needed for a more comprehensive overview. Recently,
a generalized data analysis method was proposed for the study of aging
in unicellular organisms (Wu, 2013). This determines “old” and
“young” cells probabilistically based on division rates and is not linked
to cell poles, which may be useful to study aging in a larger variety of
unicellular species (Wu, 2013).

7. Aging of the animal germ line

The discovery of aging and asymmetric damage segregation in
unicellular species indicates that similar processes may occur in the
germline of multicellular species. Similarly to unicellular species, the
germline of multicellular species must remain functionally immortal.
Indeed, germline stem cell (GSC) serial transplantations in mice have
shown that male GSCs can sustain spermatogenesis longer than a single
lifespan (Ryu et al., 2006). However, studies in humans, Drosophila and
C. elegans demonstrate that the germline is nevertheless susceptible to
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In 1889, the prominent German biologist August Weismann described one of the first modern theories of aging. He viewed aging as an
adaptive process, programmed into every animal, as ‘...the individual should be enabled to do its work towards the maintenance of species.
This work is reproduction... As soon as the individual has performed its share ..., it ceases to be of any value to the species, and may die’
(Weismann, 1889). Numerous theories of aging have since been proposed - Medvedev in 1990 could count over 300 (Medvedev 1990),
however they can broadly be divided into non-programmed and programmed theories. Non-programmed theories state that aging is mainly
caused by accumulation of damage through lifespan, the result of processes such as somatic mutations (Kennedy et al., 2012), reactive
oxygen species (Hekimi et al., 2011), protein aggregation (Terman and Brunk, 2004), and others. Programmed theories of aging are broad,
but generally state that aging arises due to genetic programs that control a sequence of events leading to aging. These events are not
necessarily accompanied by damage accumulation, or cause damage accumulation over a short period of time.

Weismann’s was the first of the ‘adaptive’ programmed theories of aging. However, since then, other ‘mechanistic’ programmed theories
of aging have been proposed. It is important to draw a distinction between the two. ‘Mechanistic’ programmed theories state that aging
proceeds by maladaptive or selectively neutral programs (for example, dysregulation or faults in normal cellular programs) and despite the
similar terminology, are conceptually distinct from the ‘adaptive’ programmed theories, which propose that aging itself is adaptive and
therefore controlled by a program. Although some proponents for ‘adaptive’ programmed theories exist (see Goldsmith, 2012), the current
consensus is that with potential rare exceptions, aging itself is not adaptive (Kirkwood and Melov, 2011; Lépez-Otin et al., 2013; Kenyon,
2010), as empirical evidence (Ricklefs, 2010) and convincing arguments (Kirkwood and Melov, 2011) provide a strong case against this
idea. Namely, adaptive aging would require strong group selection in order to counter the individual fitness loss that accompanies aging,
and this is rarely encountered (Kirkwood and Melov, 2011). However, although aging itself is not generally beneficial, programs that cause
aging could nevertheless exist if they are pleiotropic and beneficial early in life (Williams, 1957) or when they exert their effects only late in
life (Medawar 1952) when natural selection is inefficient at removing them. As the term ‘programmed aging’ is used loosely, different
authors have understood it as different concepts, which has been the source of much confusion (Kirkwood and Melov, 2011, also see Austad
2004a; Bredesen 2004a; Austad 2004b; Bredesen 2004b). Because of this, it is important to specify that in the context of this work,
programmed aging denotes ‘mechanistic’ programmed aging - the theoretical phenomenon where one or more genes lead to aging via
maladaptive or dysregulated cellular programs, without the assumption that this is selectively advantageous.

There is evidence for both damage and ‘mechanistic’ programmed theories of aging. Damage is generally considered responsible for
genome instability (Moskalev et al., 2013), mitochondrial dysfunction (Wallace, 2010), telomere loss (Blasco, 2007), loss of proteostasis
(Powers et al., 2009), cell senescence, and other age-associated changes (Lopez-Otin et al., 2013). Aspects of aging attributed mainly to
programmed changes include NF-kB overexpression as a part of age-related inflammation (Salminen et al. 2012; Adler et al. 2007),
maladaptive gene regulation by elt-3/elt-5/elt-6 GATA transcription circuit in C. elegans (Budovskaya et al., 2008) and menopause in
human females (Shanley and Kirkwood, 2001) (for a full review, see Lopez-Otin et al., 2013 and Kirkwood and Melov, 2011). On the
organismal level, both types likely contribute to aging, and should be considered in a system-wide manner (Kirkwood, 2005). On the
cellular level however, evidence from E. coli and S. pombe indicate that it is likely damage, not programs, that fundamentally causes aging

(see Is aging caused by damage or programs?).

aging. Division rate, stem cell number and expression of self-renewal
factors all decrease with age (Wallenfang et al., 2006; Boyle et al.,
2007; also see Smelick and Ahmed, 2005; Fuller and Spradling, 2007).
Furthermore, aging of the mammalian germ line is well documented as
the female menopause in mice, rats, humans and other species (Tilly
and Sinclair 2013). The mechanisms by which damage removal in GSCs
is achieved are not known, but selection for healthy cells and increased
cellular repair in stem cells or during differentiation have commonly
been proposed (Hernebring, et al., 2006; Jones, 2007). However, results
from E. coli and S. pombe imply that damage free progeny could alter-
natively be achieved through asymmetrical segregation of damage into
some of the germ cells, which would maintain a pool of damage-free
cells for the next generation.

Whether this indeed occurs seems not to have been systematically
investigated. There is limited evidence suggesting that asymmetric
damage segregation does occur in some types of stem cells. Asymmetric
cell division has been reported in most stem cell types, and may con-
currently favour asymmetric segregation of damage (Neumdiiller and
Knoblich 2009). More specifically, asymmetric segregation of damaged
proteins have been found in human and Drosophila intestinal stem cells,
mouse and Drosophila neuronal stem cells and Drosophila female
germline stem cells (Rujano et al., 2006; Bufalino et al., 2013; Moore
et al., 2015). Notably, Fuentealba et al. (2008) found asymmetric seg-
regation of damaged proteins in 80%-90% of human embryonic stem
cell divisions (Fuentealba et al., 2008). Recently, it was found that in-
clusion bodies also segregate asymmetrically in several mammalian cell
lines, and that this seems to be actively controlled by vimentin
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intermediary filaments (Ogrodnik et al., 2014). Standing on these re-
sults, a model for damage segregation in mammalian germ-line cells
and tissues was developed, which suggests that asymmetrical damage
segregation reduces overall damage loads and increases population
longevity (Strandkvist et al., 2014). Taken together, these studies in-
dicate that asymmetric damage segregation may play a role in germ line
stem cells. However to which extent this is functionally important is
unknown. If unequal damage segregation is indeed important, it is
likely to function in conjunction with the other proposed mechanisms
of germ line maintenance (see Jones, 2007).

8. Is aging caused by damage or programs?

The discovery of aging in symmetrically dividing microbes may
have important consequences to other questions in aging. One of the
longest debates in aging revolves around whether aging is caused by
accumulation of damage or by genetic programs (Austad 2004a;
Bredesen 2004a; Kirkwood and Melov 2011; Goldsmith 2012). Theories
that support damage state that macromolecular or organellar damage,
caused by accumulation of somatic mutations (Kennedy et al., 2012),
reactive oxygen species (Hekimi et al., 2011), protein aggregates
(Terman and Brunk, 2004), and other mechanisms is ultimately re-
sponsible for aging. Programmed theories of aging generally state that
aging arises due to genetically controlled sequence of events, which are
not necessarily accompanied by damage accumulation, or cause da-
mage accumulation acutely over a short period of time (see Box 2.
Programmed vs non-programmed theories of aging). With the exception of
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S. cerevisiae, most studies focussing on the causes of aging have used
multicellular animals (see Kenyon, 2010). Although they have located
numerous genetic changes that considerably modulate aging, they have
not been able to demonstrate what the fundamental causes of aging are,
as no changes which would completely abolish aging have been found
(Kirkwood and Melov 2011). However in the case of E. coli and S.
pombe, we see two species that show no signs of aging in favourable
conditions, yet age as a response to external stress (Stewart et al., 2005;
Coelho et al., 2013). Aging in these species has been majorly attributed
to accumulation of damage in the proteome or cell wall (Lindner et al.,
2008; Erjavec et al., 2008; Coelho et al., 2013), and so far there is no
evidence that a program is involved. Therefore, it seems that aging is
the unfortunate side-product of damage accumulation that occurs after
damage is selectively segregated into the aging old cell lineages. This
can occur, since unlike individual animals in a population, individual
cells in a microbial colony are genetically almost identical (the muta-
tion rate in E. coli is approximately 102 and S. cerevisiae 10~ ! per cell
per generation; Lee et al., 2012; Zhu et al., 2014). E. coli and S. pombe,
therefore provide perhaps the clearest evidence yet that different
sources of damage, and not genetic programs, are the fundamental
cause of aging at the cellular level.

9. Conclusion

E. coli and S. pombe embody the first known cases where otherwise
non-aging species can be induced to age. Evidence suggests that they do
not age in benign conditions, but start to age in response to external
stress. In times of stress, damage is selectively segregated into a fraction
of a population’s cells, which sacrifices these cells to aging, but main-
tains the viability of the population as a whole.

These discoveries, in conjunction with the predicted fitness benefits
of asymmetric damage segregation, suggest that aging may be ubiqui-
tous among microorganisms in general. While aging has been con-
firmed in a handful of species (E. coli, S. pombe, S. cerevisiae, C. cres-
centus) and indicated in a few others, very little is known about aging in
the vast majority of other unicellular species, and how aging influences
their population dynamics in natural environments. In short, broad
studies are needed to map the variation and mechanisms of aging in
microbes. It is likely that such studies will unearth fundamentally new
processes, and in the process, inform other questions in the field of
aging as well.

Conflict of interest
The author declares no conflict of interests.
Acknowledgements

I would like to thank Dr Armand M. Leroi for support, helpful dis-
cussions and feedback during research and preparation of the manu-
script.

References

Ackermann, M., Stearns, S.C., Jenal, U., 2003. Senescence in a bacterium with asym-
metric division. Science 300, 1920 (The first demonstration of replicative aging in
a bacterium).

Ackermann, M., Chao, L., Bergstrom, C.T., Doebeli, M., 2007a. On the evolutionary origin
of aging. Aging Cell 6, 235-244.

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

Adler, A.S., Sinha, S., Kawahara, T.L.A., Zhang, J.Y., Segal, E., Chang, H.Y., 2007. Motif
module map reveals enforcement of aging by continual NF-kappaB activity. Genes
Dev. 21, 3244-3257.

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

Aldridge, B.B., Fernandez-Suarez, M., Heller, D., Ambravaneswaran, V., Irimia, D., Toner,
M., Fortune, S.M., 2012. Asymmetry and aging of mycobacterial cells lead to variable
growth and antibiotic susceptibility. Science 335, 100-104.

13

Mechanisms of Ageing and Development 167 (2017) 5-15

Aufderheide, K.J., 1987. Clonal aging in Paramecium tetraurelia: Il Evidence of functional
changes in the macronucleus with age. Mech. Ageing Dev. 37, 265-279.

Austad, S.N., 2004a. Is aging programed? Aging Cell 3, 249-251.

Austad, S.N., 2004b. Rebuttal to Bredesen: the non-existent aging program: how does it
work? Aging Cell 3, 253-254.

Baig, U.L, Bhadbhade, B.J., Mariyam, D., Watve, M.G., 2014. Protein aggregation in E.
coli: short term and long term effects of nutrient density. PLoS One 9, e107445.

Barker, M.G., Walmsley, R.M., 1999. Replicative ageing in the fission yeast
Schizosaccharomyces pombe. Yeast 15, 1511-1518.

Bednarska, N.G., Schymkowitz, J., Rousseau, F., Van Eldere, J., 2013. Protein aggregation
in bacteria: the thin boundary between functionality and toxicity. Microbiology 159,
1795-1806.

Bergmiller, T., Ackermann, M., 2011. Pole age affects cell size and the timing of cell
division in Methylobacterium extorquens AM1. J. Bacteriol 193, 5216-5221.

Blasco, M.A., 2007. Telomere length stem cells and aging. Nat. Chem. Biol. 3, 640-649.

Boyle, M., Wong, C., Rocha, M., Jones, D.L., 2007. Decline in self-renewal factors con-
tributes to aging of the stem cell niche in the Drosophila testis. Cell Stem Cell 1,
470-478.

Bredesen, D.E., 2004a. Rebuttal to austad: ’Is aging programmed? Aging Cell 3, 261-262.

Bredesen, D.E., 2004b. The non-existent aging program: how does it work? Aging Cell 3,
255-259.

Budovskaya, Y.V., Wu, K., Southworth, L.K., Jiang, M., Tedesco, P., Johnson, T.E., Kim,
S.K., 2008. An elt-3/elt-5/elt-6 GATA transcription circuit guides aging in C. elegans.
Cell 134, 291-303.

Bufalino, M.R., DeVeale, B., van der Kooy, D., 2013. The asymmetric segregation of da-
maged proteins is stem cell-type dependent. J. Cell Biol. 201, 523-530.

Burleigh, I.G., Dawes, E.A., 1967. Studies on the endogenous metabolism and senescence
of starved Sarcina lutea. Biochem. J. 102, 236-250.

Cairns, J., 1975. Mutation selection and the natural history of cancer. Nature 255,
197-200.

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

Clay, L., Barral, Y., 2013. New approaches to an age-old problem. Curr. Opin. Biotechnol.
24, 784-789.

Clegg, R.J., Dyson, R.J., Kreft, J.-U., 2014. Repair rather than segregation of damage is
the optimal unicellular aging strategy. BMC Biol. 12, 52.

Coelho, M., Toli¢, .M., 2015. Asymmetric damage segregation at cell division via protein
aggregate fusion and attachment to organelles. Bioessays 37, 740-747.

Coelho, M., Dereli, A., Haese, A., Kiihn, S., Malinovska, L., DeSantis, M.E., Shorter, J.,
Alberti, S., Gross, T., Toli¢-Ngrrelykke, .M., 2013. Fission yeast does not age under
favorable conditions, but does so after stress. Curr. Biol. 23, 1844-1852 (An ex-
tensive work on replicative aging in S. pombe, demonstrating aging and un-
equal damage segregation under stress).

Coelho, M., Lade, S.J., Alberti, S., Gross, T., Toli¢, .M., 2014. Fusion of protein aggregates
facilitates asymmetric damage segregation. PLoS Biol. 12, e1001886.

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

Damodaran, S.P., Eberhard, S., Boitard, L., Rodriguez, J.G., Wang, Y., Bremond, N.,
Baudry, J., Bibette, J., Wollman, F.-A., 2015. A millifluidic study of cell-to-cell het-
erogeneity in growth-rate and cell-division capability in populations of isogenic cells
of Chlamydomonas reinhardtii. PLoS One 10.

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

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

Flatt, T., 2012. A new definition of aging? Front. Genet. 3, 148.

Fredriksson, A., Nystrom, T., 2006. Conditional and replicative senescence in Escherichia
coli. Curr. Opin. Microbiol. 9, 612-618.

Fuentealba, L.C., Eivers, E., Geissert, D., Taelman, V., De Robertis, E.M., 2008.
Asymmetric mitosis: unequal segregation of proteins destined for degradation. Proc.
Natl. Acad. Sci. U. S. A 105, 7732-7737 (The discovery of unequal damage seg-
regation in the majority of human embryonic stem cell divisions).

Fuller, M.T., Spradling, A.C., 2007. Male and female drosophila germline stem cells: two
versions of immortality. Science 316 (80), 402-404.

Goémez, J.M.G., 2010. Aging in bacteria, immortality or not-a critical review. Curr. Aging
Sci. 3, 198-218.

Garinis, G.A., van der Horst, G.T.J., Vijg, J., Hoeijmakers, J.H.J., 2008. DNA damage and
ageing: new-age ideas for an age-old problem. Nat. Cell Biol. 10, 1241-1247.

Gavrilov, L.A., Gavrilova, N.S., 2002. Evolutionary theories of aging and longevity. Sci.
World J. 2, 339-356.

Goldsmith, T.C., 2012. On the programmed/non-programmed aging controversy.
Biochem. Biokhimifa 77, 729-732.

Gonidakis, S., Longo, V.D., 2013. Assessing chronological aging in bacteria. Methods Mol.
Biol. 965, 421-437.

Greenbaum, L., Rothmann, C., Lavie, R., Malik, Z., 2000. Green fluorescent protein
photobleaching: a model for protein damage by endogenous and exogenous singlet
oxygen. Biol. Chem 381, 1251-1258.

Gupta, A., Lloyd-Price, J., Neeli-Venkata, R., Oliveira, S.M.D., Ribeiro, A.S., 2014. In vivo
kinetics of segregation and polar retention of MS2-GFP-RNA complexes in Escherichia
coli. Biophys. J. 106, 1928-1937.

Hekimi, S., Lapointe, J., Wen, Y., 2011. Taking a good look at free radicals in the aging
process. Trends Cell Biol. 21, 569-576.

Henderson, K.A.K., Hughes, A.L.A., Gottschling, D.E.D., 2014. Mother-daughter


http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0005
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0005
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0005
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0010
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0010
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0015
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0015
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0020
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0020
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0020
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0025
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0025
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0030
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0030
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0030
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0035
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0035
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0040
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0045
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0045
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0050
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0050
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0055
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0055
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0060
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0060
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0060
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0065
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0065
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0070
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0075
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0075
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0075
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0080
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0085
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0085
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0090
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0090
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0090
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0095
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0095
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0100
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0100
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0105
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0105
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0110
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0110
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0115
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0115
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0120
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0120
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0125
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0125
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0130
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0130
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0130
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0130
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0130
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0135
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0135
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0140
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0140
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0140
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0140
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0145
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0145
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0145
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0145
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0150
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0150
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0155
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0155
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0155
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0160
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0165
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0165
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0170
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0170
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0170
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0170
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0175
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0175
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0180
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0180
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0185
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0185
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0190
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0190
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0195
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0195
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0200
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0200
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0205
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0205
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0205
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0210
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0210
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0210
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0215
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0215
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0220

M. Florea

asymmetry of pH underlies aging and rejuvenation in yeast. Elife 3, e03504.

Hernebring, M., Brolén, G., Aguilaniu, H., Semb, H., Nystrom, T., 2006. Elimination of
damaged proteins during differentiation of embryonic stem cells. Proc. Natl. Acad.
Sci. U. S. A 103, 7700-7705.

Hughes, A.L., Gottschling, D.E., 2012. An early age increase in vacuolar pH limits mi-
tochondrial function and lifespan in yeast. Nature 492, 261-265.

Humby, P.L., Snyder, E.C.R., Durnford, D.G., 2013. Conditional senescence in
Chlamydomonas reinhardtii (Chlorophyceae). J. Phycol. 49, 389-400.

Jazwinski, S.M., 1993. The genetics of aging in the yeast Saccharomyces cerevisiae.
Genetica 91, 35-51.

Johnson, L.R., Mangel, M., 2006. Life histories and the evolution of aging in bacteria and
other single-celled organisms. Mech. Ageing Dev. 127, 786-793.

Jones, O.R., Scheuerlein, A., Salguero-Gémez, R., Camarda, C.G., Schaible, R., Casper,
B.B., Dahlgren, J.P., Ehrlén, J., Garcia, M.B., Menges, E.S., Quintana-Ascencio, P.F.,
Caswell, H., Baudisch, A., Vaupel, J.W., 2014. Diversity of ageing across the tree of
life. Nature 505, 169-173.

Jones, D.L., 2007. Aging and the germ line: where mortality and immortality meet. Stem
Cell Rev. 3, 192-200 (An in-depth review on the different aspects of aging of the
germ line).

Kennedy, S.R., Loeb, L.A., Herr, A.J., 2012. Somatic mutations in aging, cancer and
neurodegeneration. Mech. Ageing Dev. 133, 118-126.

Kenyon, C.J., 2010. The genetics of ageing. Nature 464, 504-512.

Kirkwood, T.B., Austad, S.N., 2000. Why do we age? Nature 408, 233-238.

Kirkwood, T.B.L., Melov, S., 2011. On the programmed/non-programmed nature of
ageing within the life history. Curr. Biol. 21, 701-707.

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

Kirkwood, T.B.L., 2005. Understanding the odd science of aging. Cell 120, 437-447.

Koleva, K.Z., Hellweger, F.L., 2015. From protein damage to cell aging to population
fitness in E coli: Insights from a multi-level agent-based model. Ecol. Modell. 301,
62-71.

Ksiazek, K., 2010. Bacterial aging: from mechanistic basis to evolutionary perspective.
Cell. Mol. Life Sci. 67, 3131-3137.

Kysela, D.T., Brown, P.J.B., Huang, K.C., Brun, Y.V., 2013. Biological consequences and
advantages of asymmetric bacterial growth. Annu. Rev. Microbiol. 67, 417-435.
Lopez-Otin, C., Blasco, M.A., Partridge, L., Serrano, M., Kroemer, G., 2013. The hallmarks

of aging. Cell 153, 1194-1217.

Lade, S.J., Coelho, M., Toli¢, .M., Gross, T., 2015. Fusion leads to effective segregation of
damage during cell division: an analytical treatment. J. Theor. Biol. 378, 47-55.

Laney, S.R., Olson, R.J., Sosik, H.M., 2012. Diatoms favor their younger daughters.
Limnol. Oceanogr. 57, 1572-1578.

Laun, P., Pichova, A., Madeo, F., Fuchs, J., Ellinger, A., Kohlwein, S., Dawes, 1., Frohlich,
K.-U., Breitenbach, M., 2004. Aged mother cells of Saccharomyces cerevisiae show
markers of oxidative stress and apoptosis. Mol. Microbiol. 39, 1166-1173.

Lee, H., Popodi, E., Tang, H., Foster, P.L., 2012. Rate and molecular spectrum of spon-
taneous mutations in the bacterium Escherichia coli as determined by whole-genome
sequencing. Proc. Natl. Acad. Sci. U. S. A. 109, E2774-2283.

Lindner, A.B., Demarez, A., 2009. Protein aggregation as a paradigm of aging. Biochim.
Biophys. Acta — Gen. Subj. 1790, 980-996.

Lindner, A.B., Madden, R., Demarez, A., Stewart, E.J., Taddei, F., 2008. Asymmetric
segregation of protein aggregates is associated with cellular aging and rejuvenation.
Proc. Natl. Acad. Sci. U. S. A (Demonstration of the role of protein aggregates in
aging of E. coli).

Liu, B., Larsson, L., Caballero, A., Hao, X., Oling, D., Grantham, J., Nystrém, T., 2010. The
polarisome is required for segregation and retrograde transport of protein aggregates.
Cell 140, 257-267.

Liu, B., Larsson, L., Franssens, V., Hao, X., Hill, S.M., Andersson, V., Héglund, D., Song, J.,
Yang, X., Oling, D., Grantham, J., Winderickx, J., Nystrém, T., 2011. Segregation of
protein aggregates involves actin and the polarity machinery. Cell 147, 959-961.

Longo, V.D., Shadel, G.S., Kaeberlein, M., Kennedy, B., 2012. Replicative and chron-
ological aging in Saccharomyces cerevisiae. Cell Metab. 16, 18-31 (An in-depth re-
view of replicative and chronological aging in yeast).

Maisonneuve, E., Fraysse, L., Lignon, S., Capron, L., Dukan, S., 2008. Carbonylated pro-
teins are detectable only in a degradation-resistant aggregate state in Escherichia coli.
J. Bacteriol. 190, 6609-6614.

Medawar, P., 1952. An Unsolved Problem of Biology. Lewis, London.

Medvedev, Z.A., 1990. An attempt at a rational classification of theories of ageing. Biol.
Rev. Camb. Philos. Soc 65, 375-398.

Minois, N., Frajnt, M., D6lling, M., Lagona, F., Schmid, M., Kiichenhoff, H., Gampe, J.,
Vaupel, J.W., 2006. Symmetrically dividing cells of the fission yeast
Schizosaccharomyces pombe do age. Biogerontology 7, 261-267.

Moore, D.L., Pilz, G.A., Aratizo-Bravo, M.J., Barral, Y., Jessberger, S., 2015. A mechanism
for the segregation of age in mammalian neural stem cells. Science 80, 349.

Mortimer, R.K., Johnston, J.R., 1959. Life span of individual yeast cells. Nature 183,
1751-1752.

Moskalev, A.A., Shaposhnikov, M.V., Plyusnina, E.N., Zhavoronkov, A., Budovsky, A.,
Yanai, H., Fraifeld, V.E., 2013. The role of DNA damage and repair in aging through
the prism of Koch-like criteria. Ageing Res. Rev. 12, 661-684.

Neeli-Venkata, R., Martikainen, A., Gupta, A., Goncalves, N., Fonseca, J., Ribeiro, A.S.,
2016. Robustness of the process of nucleoid exclusion of protein aggregates in
Escherichia coli. J. Bacteriol 198, 898-906.

Neumiiller, R.A., Knoblich, J.A., 2009. Dividing cellular asymmetry: asymmetric cell di-
vision and its implications for stem cells and cancer. Genes Dev. 23, 2675-2699.

Ni, M., Decrulle, A.L., Fontaine, F., Demarez, A., Taddei, F., Lindner, A.B., 2012. Pre-
disposition and epigenetics govern variation in bacterial survival upon stress. PLoS
Genet. 8, e1003148.

Nystrom, T., Liu, B., 2014a. Protein quality control in time and space — links to cellular

14

Mechanisms of Ageing and Development 167 (2017) 5-15

aging. FEMS Yeast Res. 14, 40-48.

Nystrém, T., Liu, B., 2014b. The mystery of aging and rejuvenation—a budding topic.
Curr. Opin. Microbiol. 18, 61-67.

Nystrom, T., 1999. Starvation, cessation of growth and bacterial aging. Curr. Opin.
Microbiol. 2, 214-219.

Nystrém, T., 2002. Aging in bacteria. Curr. Opin. Microbiol. 5, 596-601.

Nystrom, T., 2003. Conditional senescence in bacteria: death of the immortals. Mol.
Microbiol. 48, 17-23.

Nystrom, T., 2007. A bacterial kind of aging. PLoS Genet. 3, e224.

Ogrodnik, M., Salmonowicz, H., Brown, R., Turkowska, J., Sredniawa, W., Pattabiraman,
S., Amen, T., Abraham, A., Eichler, N., Lyakhovetsky, R., Kaganovich, D., 2014.
Dynamic JUNQ inclusion bodies are asymmetrically inherited in mammalian cell
lines through the asymmetric partitioning of vimentin. Proc. Natl. Acad. Sci. U. S. A
111, 8049-8054.

Oliveira, S.M.D., Neeli-Venkata, R., Goncalves, N.S.M., Santinha, J.A., Martins, L., Tran,
H., Mékeld, J., Gupta, A., Barandas, M., Hdkkinen, A., Lloyd-Price, J., Fonseca, J.M.,
Ribeiro, A.S., 2016. Increased cytoplasm viscosity hampers aggregate polar segre-
gation in Escherichia coli. Mol. Microbiol 99, 686-699.

Pine, S.R., Liu, W., 2014. Asymmetric cell division and template DNA co-segregation in
cancer stem cells. Front. Oncol . 4, 226.

Piper, P.W., 2006. Long-lived yeast as a model for ageing research. Yeast 23, 215-226.

Powers, E.T., Morimoto, R.L., Dillin, A., Kelly, J.W., Balch, W.E., 2009. Biological and
chemical approaches to diseases of proteostasis deficiency. Annu. Rev. Biochem. 78,
959-991.

Rando, T.A., 2007. The immortal strand hypothesis: segregation and reconstruction. Cell
129, 1239-1243.

Rang, C.U., Peng, A.Y., Chao, L., 2011. Temporal dynamics of bacterial aging and re-
juvenation. Curr. Biol. 21, 1813-1816.

Rang, C.U., Peng, A.Y., Poon, A.F., Chao, L., 2012. Ageing in Escherichia coli requires
damage by an extrinsic agent. Microbiology 158, 1553-1559.

Rashidi, A., Kirkwood, T.B.L., Shanley, D.P., 2012. Evolution of asymmetric damage
segregation: a modelling approach. Subcell. Biochem. 57, 315-330.

Ricklefs, R.E., 2010. Insights from comparative analyses of aging in birds and mammals.
Aging Cell 9, 273-284.

Rujano, M.A., Bosveld, F., Salomons, F.A., Dijk, F., van Waarde, M.A.W.H., van der Want,
J.J.L., de Vos, R.A.L, Brunt, E.R., Sibon, O.C.M., Kampinga, H.H., 2006. Polarised
asymmetric inheritance of accumulated protein damage in higher eukaryotes. PLoS
Biol. 4, e417.

Ryu, B.-Y., Orwig, K.E., Oatley, J.M., Avarbock, M.R., Brinster, R.L., 2006. Effects of aging
and niche microenvironment on spermatogonial stem cell self-renewal. Stem Cells 24,
1505-1511.

Saarikangas, J., Barral, Y., 2015. Protein aggregates are associated with replicative aging
without compromising protein quality control. Elife 4, 1751-1753.

Saarikangas, J., Barral, Y., 2016. Protein aggregation as a mechanism of adaptive cellular
responses. Curr. Genet. 62, 711-724.

Salminen, A., Kaarniranta, K., Kauppinen, A., 2012. Inflammaging: disturbed interplay
between autophagy and inflammasomes. Aging (Albany. NY) 4, 166-175.

Scheckhuber, C.Q., Erjavec, N., Tinazli, A., Hamann, A., Nystrom, T., Osiewacz, H.D.,
2007. Reducing mitochondrial fission results in increased life span and fitness of two
fungal ageing models. Nat. Cell Biol. 9, 99-105.

Shanley, D.P., Kirkwood, T.B., 2001. Evolution of the human menopause. Bioessays 23,
282-287.

Sinclair, D.A., Guarente, L., 1997. Extrachromosomal rDNA circles cause of aging in yeast.
Cell 91, 1033-1042.

Smelick, C., Ahmed, S., 2005. Achieving immortality in the C. elegans germline. Ageing
Res. Rev . 4, 67-82.

Smith-Sonneborn, J., 1979. DNA repair and longevity assurance in Paramecium tetraurelia.
Science 203 (80), 1115-1117.

Spivey, E.C., Jones, S.K., Rybarski, J.R., Saifuddin, F.A., Finkelstein, I.J., 2017. An aging-
independent replicative lifespan in a symmetrically dividing eukaryote. Elife 6,
€20340.

Spokoini, R., Moldavski, O., Nahmias, Y., England, J.L., Schuldiner, M., Kaganovich, D.,
2012. Confinement to organelle-associated inclusion structures mediates asymmetric
inheritance of aggregated protein in budding yeast. Cell Rep. 2, 738-747.

Steinkraus, K.A.A., Kaeberlein, M., Kennedy, B.K.K., 2008. Replicative aging in yeast: the
means to the end. Annu. Rev. Cell Dev. Biol. 24, 29-54.

Stewart, E.J., Madden, R., Paul, G., Taddei, F., 2005. Aging and death in an organism that
reproduces by morphologically symmetric division. PLoS Biol (The first report of
replicative aging in E. coli).

Strandkvist, C., Juul, J., Bendtsen, K.M., 2014. Asymmetric segregation of damaged
cellular components in spatially structured multicellular organisms. PLoS One 9,
e87917.

Terman, A., Brunk, U.T., 2004. Aging as a catabolic malfunction. Int. J. Biochem. Cell
Biol. 36, 2365-2375.

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

Tilly, J.L., Sinclair, D.A., 2013. Germline energetics, aging, and female infertility. Cell
Metab. 17, 838-850.

Tomasetti, C., Bozic, I., 2015. The (not so) immortal strand hypothesis. Stem Cell Res. 14,
238-241.

Vedel, S., Nunns, H., Kosmrlj, A., Semsey, S., Trusina, A., 2016. Asymmetric damage
segregation constitutes an emergent population-level stress response. Cell Syst. 3,
187-198.

Veening, J.-W., Stewart, E.J., Berngruber, T.W., Taddei, F., Kuipers, O.P., Hamoen, L.W.,


http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0220
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0225
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0225
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0225
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0230
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0230
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0235
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0235
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0240
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0240
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0245
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0245
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0250
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0250
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0250
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0250
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0255
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0255
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0255
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0260
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0260
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0265
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0270
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0275
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0275
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0280
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0285
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0290
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0290
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0290
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0295
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0295
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0300
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0300
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0305
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0305
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0310
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0310
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0315
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0315
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0320
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0320
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0320
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0325
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0325
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0325
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0330
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0330
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0335
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0335
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0335
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0335
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0340
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0340
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0340
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0345
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0345
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0345
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0350
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0350
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0350
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0355
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0355
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0355
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0360
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0365
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0365
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0370
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0370
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0370
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0375
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0375
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0380
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0380
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0385
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0385
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0385
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0390
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0390
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0390
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0395
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0395
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0400
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0400
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0400
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0405
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0405
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0410
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0410
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0415
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0415
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0420
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0425
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0425
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0430
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0435
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0435
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0435
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0435
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0435
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0440
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0440
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0440
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0440
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0445
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0445
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0450
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0455
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0455
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0455
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0460
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0460
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0465
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0465
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0470
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0470
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0475
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0475
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0480
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0480
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0485
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0485
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0485
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0485
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0490
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0490
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0490
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0495
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0495
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0500
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0500
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0505
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0505
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0510
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0510
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0510
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0515
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0515
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0520
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0520
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0525
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0525
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0530
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0530
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0535
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0535
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0535
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0540
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0540
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0540
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0545
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0545
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0550
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0550
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0550
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0555
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0555
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0555
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0560
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0560
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0565
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0565
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0565
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0565
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0570
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0570
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0575
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0575
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0580
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0580
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0580
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0585

M. Florea

2008. Bet-hedging and epigenetic inheritance in bacterial cell development. Proc.
Natl. Acad. Sci. U. S. A 105, 4393-4398.

Villar-Pique, A., de Groot, N.S., Sabaté, R., Acebrén, S.P., Celaya, G., Fernandez-Busquets,
X., Muga, A., Ventura, S., 2012. The effect of amyloidogenic peptides on bacterial
aging correlates with their intrinsic aggregation propensity. J. Mol. Biol. 421,
270-281.

Wallace, D.C., 2010. Mitochondrial DNA mutations in disease and aging. Environ. Mol.
Mutagen. 51, 440-450.

Wallenfang, M.R., Nayak, R., DiNardo, S., 2006. Dynamics of the male germline stem cell
population during aging of Drosophila melanogaster. Aging Cell 5, 297-304.

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

Watve, M., Parab, S., Jogdand, P., Keni, S., 2006. Aging may be a conditional strategic
choice and not an inevitable outcome for bacteria. Proc. Natl. Acad. Sci. U. S. A 103,
14831-14835.

15

Mechanisms of Ageing and Development 167 (2017) 5-15

Weismann, A., 1889. Essays upon Heredity and Kindred Biological Problems, vol. 1
Clarendon Press, Oxford.

Williams, G.C., 1957. Pleiotropy, natural selection, and the evolution of senescence.
Evolution (N. Y) 398-411.

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

Wu, B., 2013. A novel method to study aging in bacteria that reproduce by morpholo-
gically symmetric fission. J. Theor. Biol. 347, 1-6.

Zhou, C., Slaughter, B.D., Unruh, J.R., Guo, F., Yu, Z., Mickey, K., Narkar, A., Ross, R.T.,
McClain, M., Li, R., 2014. Organelle-based aggregation and retention of damaged
proteins in asymmetrically dividing cells. Cell 159, 530-542.

Zhu, Y.O., Siegal, M.L., Hall, D.W., Petrov, D.A., 2014. Precise estimates of mutation rate
and spectrum in yeast. Proc. Natl. Acad. Sci. U. S. A. 111, E2310-E2318.


http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0585
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0585
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0590
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0590
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0590
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0590
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0595
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0595
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0600
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0600
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0605
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0605
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0610
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0610
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0610
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0615
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0615
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0620
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0620
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0625
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0625
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0625
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0625
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0630
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0630
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0635
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0635
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0635
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0640
http://refhub.elsevier.com/S0047-6374(17)30066-0/sbref0640

	Aging and immortality in unicellular species
	Introduction
	Do symmetrically dividing species age?
	Aging in S. pombe
	Mechanistic causes of aging
	Evolutionary benefits of asymmetric damage segregation
	Aging in other unicellular organisms
	Aging of the animal germ line
	Is aging caused by damage or programs?
	Conclusion
	Conflict of interest
	Acknowledgements
	References




